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INTRODUCTORY . 


The  De  Graaf  apparatus  is  a  compact  and  relatively 
sirarle  piece  of  equipment  developed  for  determinations 
on  fusion  points  of  coal  ash  and  similar  silicate  mix¬ 
tures.  It  allows  of  close  temperature  control  of  small 
quantities  of  materials  and  for  variations  in  atmospher¬ 
ic  conditions  of  the  tests.  Observations  on  physical 
changes  during  the  progress  of  the  melting  operations 
are  made  through  a  microscope  and  thus  the  complete 
test  is  under  close  observation  at  all  times.  The  re¬ 
sultant  liquids  cannot  be  contaminated  by  reaction 
between  the  melt  and  the  containing  vessel.  The  rate 
of  heating  or  cooling  Inay  be  controlled  at  will  and 
the  test  held  at  any  given  temperature  within  relatively 
narrow  limits  for  any  length  of  time.  Thus  the  vari¬ 
ables,  temperature,  time  and  furnace  atmosphere  are 
all  subject  to  close  control,  and,  within  limits,  press¬ 
ure  also.  The  apparatus  should  be  adaptable  to  studies 
on  certain  of  the  phase  changes  occurring  in  complex 
mixtures  such  as  are  present  in  metallurgical  slags 
and  other  products. 


Much  work  has  been  done  by  many  investigators  on 
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the  thermal  characteristics  of  binary,  ternary  and 
quaternary  mixtures  of  silica  and  metallic  oxides.  These 
have  determined  the  constitution  diagrams  on  biaxial  tri- 
ax  ial  and  tetrahedron  figures  for  various  mixtures  of 
silica  with  lime,  magnesia,  alumina  and  ferrous  iron. 
Little  attention  has  been  given  to  mixtures  containing 
other  bases.  Modern  metallurgical  slags,  particularly 
those  of  corner  and  lead  smelting,  contain,  besides  the 
bases  listed  above,  oxide  of  zinc  ( ZnO )  and  the  higher 
oxides  of  iron,  ferric  and  f erroso-f erric  (Feg04) 

and  these  substances  pipy  an  important  part  in  the  melt- 
ing  and  free  running  characteristics  of  the  slags.  The 
thermal  characteristics  of  these  five  and  six  component 
slags  are  not  readily  amenable  to  co-ordinate  delineation 
and  the:;  must  be  studied  individually  and  collectively 
as  impurities  in  or  mixtures  with  binary,  ternary  or 
quaternary  mixtures  of  the  principal  slag  forming  in¬ 
gredients.  The  number  of  experiments  thus  involved  is 
tremendous  and  any  apparatus  which  would  facilitate  the 
experiments  would  greatly  lessen  the  labor  involved. 

The  relative  ease  with  which  fusion  points  may  be  de¬ 
termined  with  the  I)e  G-raaf  apparatus  should  prove  a 
great  help  in  this  respect. 
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The  investigations  reported  in  this  Thesis  were 
undertaken  in  the  hone  that  the  Be  Sraaf  apparatus  could 
be  adapted  to  studies  on  the  thermal  characteristics  of 
complex  mixtures  of  silica  (3iOP)  and  numerous  metallic 
bases  such  as  are  met  with  in  metallurgical  slags.  The 
work  was  designed  to  consider  both  the  question  of  slag 
formation  in  mechanical  mixtures  of  the  slag  forming 
ingredients  and  the  determination  of  the  temperature  at 
which  or  the  temperature  range  through  which  melting  or 
freezing  of  the  previously  formed  slag  occurs.  The  work 
was  also  planned  to  include  mie  -oscopic  studies  on  thin 
sections  and  polished  sections  of  the  solidified  slags 
for  determination  of  the  mineral  constituents  developed. 

The  pe  graaf  apparatus  has  not  received  ready  re¬ 
cognition  by  testings  and  research  laboratories  doing 
coal  ash  fusions  and  similar  work.  Fusion  point  determin¬ 
ations  made  with  the  apparatus  have  not  checked  with  de¬ 
terminations  made  with  the  American  Society  of  Testing 
Materials  ^sh  fusion  equipment  and  methods  and  the  reasons 
for  the  differences  have  not  been  developed.  Usually 
duplicate  tests  on  the  same  apparatus  will  check  but  there 
is  no  obvious  relationship  between  thf  temperatures 
given  by  the  apparatus  and  thos  e  obtained  by 
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standardized  methods  or  by  other  De  G-raaf  apparatus  on 
the  same  materials.  Some  laboratories  report  that 
multiple  checks  on  the  same  material  can  he  obtained 
by  different  observers pothers  claim  that  no  reliability 
can  be  placed  on  the  results  of  observations  unless  they 
are  all  made  by  the  same  observer.  Apparently  each  unit 
has  its  own  characteristics  and  idiosyncrasies  which 
have  to  be  established  and  known  by  the  investigator. 

The  Particular  De  Graaf  apparatus  used  for  these 
investigations  was  loaned  by  the  Duels  Division  of  the 
Research  Council  of  Alberta.  It  was  originally  obtained 
for  ash  fusion  det erminat ions  in  the  routine  laboratory 
work  of  the  department  but  had  not  been  found  satisfact¬ 
ory  in  that  determinations  made  by  it  did  not  and  could 
not  check  with  determinations  made  on  the  same  materials 
with  the  A.S.T.H.  standard  equipment.  The  apparatus  had 
not  been  standardized  either  as  to  accuracy  or  as  to 
method  of  operation.  Thus  the  first  objective  of  the 
investigat ions  became  the  determination  of  a  calibration 
curve  for  the  instrument.  This  calibration  curve  had 
to  satisfy  not  only  fixed  points  such  as  the  melting 
points  of  pure  substances,  chemical  compounds  and  eut¬ 
ectics  but  also  the  temperature  ranges  of  melting  or 
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solidif ication  of  mixtures.  It  is  believed  that  a 
satisfactory  calibration  chart  has  been  obtained,  but 
the  work  proved  laborious  and  time  consuming  and  little 
opportunity  was  found  for  investigations  on  the  actual 
application  of  the  apparatus  to  the  general  problem  of 
slag  formation  and  slag  fusion  temperature  determin¬ 
ation.  A  start,  however,  has  been  made  and  it  is  honed 
that  the  work  so  far  done  will  form  a  basis  for  more 
extended  investigations  by  another  investigator  at  a 
later  date. 

.  It  has  been  found  impossible  to  use  portions  of 
the  solidified  melts  from  the  De  graaf  fusion  determin¬ 
ations  for  microscopic  examination,  TTuon  solidification 
the  fused  mixture  adheres  firmly  to  the  platinum  strip 
and  no  way  short  of  solution  of  the  mass  will  allow  of 
its  removal  without  destroying  the  nlatinura  strip,  Some 
samples  for  microscopic  examination  have  been  prepared 
by  nelting  mixtures  in  a  graphite  lined  fire  clay  cruc¬ 
ible  in  the  standard  ash  fusion  furnace,  controlling 
the  temperature  of  the  melt  and  the  rate  of  cooling  by 
observation  with  an  optical  pyrometer  at  temperatures 
previously  determined  by  the  De  Praaf  apparatus.  The 
samples  are  thus  not  identical  with  the  melts  made  on 
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the  platinum  strir>  of  the  Pe  Graaf  apparatus  arid  there 
has  been  some  chemical  change  due  to  contact  with  the 
container  wall  or  lining.  The  results  of  these  observ¬ 
ations  are  given  more  to  indicate  the  nature  of  the 
mineral  constituents  and  the  microstructures  that  may 
be  expected  in  metallurgical  slags  than  to  indicate  the 
actual  conditions  resulting  in  fusion  and  solidification 
of  the  mixtures  studied. 
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CHAPTER  I 

DESCRIPTION  OP  APPARATUS 

The  i)e  q raaf  (1)  Apparatus  (see  front icepiece  )  is 
built  in  three  parts;  the  furnace,  the  power  unit  and 
the  millivoltmet er  by  means  of  which  temperature  meas¬ 
urements  are  made. 

Heating  Chamber. 

The  heating  chamber  consists  of  a  heavy  brass  base 
over  which  is  rlaced  a  brass  cap  fitting  into  a  groove 
in  the  base.  A  heavy  grease  spread  on  the  gasket  which 
is  placed  in  the  groove  will  maintain  air- tightness . 

The  top  of  the  can  is  fitted  with  a  clear  glass  window 
with  ground  fittings,  and  through  this  the  fusion  of 
substances  within  may  be  watched. 

The  heating  element  is  a  platinum  stria,  suspended 
between  two  posts  which  rro.iect  from  the  base  of  the 
heating  chamber,  and  are  cohered  by  the  cap.  The  plat¬ 
inum  strip  is  2.5  inches  long,  0.54  inches  >~ide  and 
0.0005  inches  thick.  This  nlatinura  stria  serves  as  the 
heating  unit  for.  temperatures  up  to  2820°T.,  above  that 
temperature  similar  str ins  made  of  molybdenum  may  be 
used  to  a  te aperature  of  5650°  . 


Power  Unit. 

The  nlatinum  strip  is  heated  by  means  of  an  electric 
current  supplied  by  the  power  unit.  Current  from  a  110 
volt  lightning  circuit  is  passed  through  a  transformer, 
where  it  is  reduced  to  10  volts,  and  this,  after  passing 
through  a  rheostat,  is  admitted  to  the  heating  chamber. 

The  rheostat  controls  the  current  to  the  platinum 
strip,  and  temperature  changes  are  obtained  by  adjusting 
the  rheostat  resistance.  This  can  be  done  by  hand,  or 
automatically  by  means  of  a  screw  driven  by  an  electric, 
motor.  Thus  the  motor,  which  is  placed  in  parallel 
with  tiie  heating  circuit,  automatically  decreases  the 
rheostat  resistance  and  raises  the  temperature  of  the 
platinum  strip  in  a  gradual  and  regular  manner.  The 
feed  screw  is  so  threaded  that  the  current  is  increased 
rapidly  up  to  a  temperature  of  2200°T,  and  from  this 
temperature  the  current  is  increased  more  slowly,  so 
the  rate  of  change  of  temperature  with  time  is  correspond¬ 
ingly  decreased.  If  required,  the  platinum  stri^  can 
be  held  at  any  desired  temperature  by  disengaging  the 

small  pin  which  connects  the  rheostat  rider  to  the 
feed  screw. 

The  specimen  is  placed  in  the  center  of  the  plat¬ 
inum  strip.  It  is  observed  by  means  of  an  adjustable 
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Zeiss  microscope ,  mounted  on  a  frame  above  the  window. 
The  microscope  is  fitted  with  a  smoked  glass  eyepiece, 
and  has  a  magnifying  power  of  about  9. 

Temperature  jeasurement . 

The  temperature  is  measured  by  a  Siemens -Hal ske 
Ar dome ter  (10)  a  special  type  of  radiation  pyrometer. 
The  current  generated  in  the  thermocouple  deflects 
the  needle  of  a  Leeds  and  llorthrup  millivolt-meter,  ^or 
convenience  in  observation  the  millivoltmeter  is  grad¬ 
uated  in  temperature  units  (degrees  ?.  )  and  temper 
readings  are  thus  re<  u  direct  from  the  instrument. 

The  heating  chamber  is  equipped  with  inlet  and 
outlet  tubes  so  that  any  desired  atmosphere  conditions 
may  be  established  within  the  chamber. 

The  whole  apparatus ,  heating  element  and  chamber 
and  temperature  indicating  device  in  the  literature  has 
been  called  a  micropyrorneter ,  and  the  raeth  >d  a  mi cro¬ 
ny  rometric  methmd  of  fusion  point  invest igat ion. 
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PREVIOUS  '70 RE . 

Historical 

The  most  complete  publication  on  the  use  of  the 
micropyrometer  for  high  melting  point  investigations  is 
the  bulletin  by  Pitterer  and  Royer  (2).  The  first  micro 
pyrometer  was  made  by  Burgess  ( 3  &  4],  and  used  to  in¬ 
vestigate  refractory  oxides  of  share  melting  point. 
Results  were  accurate  to  within  a  few  degrees  centigrade 

Fieldner  and  Selvig  used  a  modification  of  Burgess' 
apparatus  in  coal  ash  work  for  some  years.  Selvig-  (5) 
mentions  the  use  of  a  molybdenum  coil  of  wire,  built 
with  brick  outside  to  hold  the  heat,  and  with  the  sample 
a  cone,  placed  inside  the  coil.  Temperature  leasnre- 
ments  were  by  means  of  an  optical  pyrometer. 

Fieldner,  Selvig  and  Parker  (6)  used  an  instrument 
much  like  the  he  Uraaf  fusion  furnace  but  measured  the 
temperature  of  the  platinum  strip  by  means  of  an  optical 
pyrometer.  They  found  that  for  most  coals  a  softening 

point  under  260Q°p .  hy  the  gas  furnace  method  could  be 
checked  within  100°m.  by  the  micropyromet er  method,  if 
similar  atmospheric  conditions  were  maintained  for  the 
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two  determinations.  For  higher  softening  temperature 
coals,  the  micropyrometer  method  tended  to  give  consid¬ 
erably  lower  results.  They  concluded  that  the  two 
methods  could  not  be  considered  strictly  alternative 
for  all  coal  ashes.  Checks  between  different  labora¬ 
tories  indicated  that  the  micropyrometer  method  could 
check  it  sell  as  closely  as  the  gas  furnace  method. 

Herty  and  fitterer  (7)  used  a  mieropyromet er  for 
their  invest igat ions  of  the  ferrous-oxide  Silica  system. 
They  first  calibrated  tneir  instrument  over  a  wide  range 
The  samples  were  then  melted  in  a  nitrogen  atmosphere » 
Excellent  checks  were  made  in  these  determinations. 

S  el-frig 

in  1929  selvig  (8)  conducted  some  invest igations 
the  purpose  being- 

"to  determine  how  closely  different 
laboratories  can’ check  one  another  in  making  determ¬ 
inations  of  fusibility  of  coal  ash  with  the  De  Qraaf 
electric  coal-ash  fusion  furnace,  how  well  duplicate 
determinations  by  the  same  laboratory  will  check, 
and  how  the  results  with  the  De  Craaf  furnace  com¬ 
pare  with  those  of  the  standard  gas  furnace  method 
of  the  American  Society  for  Testing  Materials." 

from  this  invest igat ion  Selvig  concluded; 
fl)  that  the  ability  of  the  same  laboratory  to  check 
itself  varied  considerably;  in  some  cases  checks 
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within  30  ? .  were  obtained  ,  but  in  others  large  diff¬ 
erences  occurred;  (2)  determinations  made  by  different 
laboratories  Showed  wide  differences  in  the  fusibility 
of  the  same  coal  ash;  (&)  a  corn-oar  is  on  of  fusibility 
results  by  the  pe  (Jraaf  method  and  the  standard  gas 
furnace  me thou  showed  poor  agreement. 


bitterer  and  Royer, 

The  strongest  defenders  of  the  case  of  the  micro¬ 
pyrometer,  as  onnosed  to  the  standard  gas  furnace  method 
of  determining  melting  points,  are  Fitterer  and  Royer  {2). 
These  authors  begin  their  report  with  a  discussion  of 
melting  noints,  and  from  their  report  the  following 
points  seem  of  importance; 

”At  the  melting  point  of  any  substance,  a  certain 
amount  of  solid  must  be  present  so  as  to  establish 
this  equilibrium.  It  is  the  mistaken  idea  of  some 
that  the  melting  noint  is  that  point  at  which  the 
solid  nhase  completely  disappears.” 


”It  is  well  known  that  crystals  are  not  necess¬ 
arily  solid,  nor  is  a  solid  necessarily  a  crystal. 
Liquid  crystals  are  known  and  accented  by  most  scien¬ 
tists,  as  also  are  the  concent  ions  of  the  amorphous 
state,  particularly  in  the  case  of  silicates  or 
glasses ....... .Liquids  are  capable  of  undercooling 

so  that  there  may  seem  to  be  no  lower  limit  to  the 
liquid  state,  unless  it  be  absolute  zero.......... 

So s man  states  that  the  melting  point  of  silica  is 
difficult  to  determine  because  the  material  does 
not  flow  when  a  crystal  melts,  and  the  fragments 
retain  their  original  shapes  and  nosit ions,  due  to 
the  high  viscosity  of  the  liquid  silica.” 
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After  a  careful  consideration  of  the  melting  points 
of  silicates,  the  authors  define  the  melting  roint  of 
refractory  materials  as  follows; 

"The  melting  point  of 

an  irregularly  shared  refractory  particle  is  that 
temperature  at  which  the  viscosity  for  crystalline 
rigidity)  is  overcome  by  the  random  motion  of  the 
molecules,  and  at  which  the  surface  tension  is  suf¬ 
ficient  to  draw  the  rarticle  into  a  globular  shape.” 

The  author  goes  on  to  state  that  this  observed 
melting  roint  is  not  to  be  confused  with  the  "softening” 
roint.  Some  materials  which  have  a  wide  range  of  heter¬ 
ogeneous  equilibrium  do  not  melt  sharply.  Instead,  a 
small  amount  of  liquid  first  arrears  (softening  roint, 
see  p.  12)  which  gradually  increases  until  the  last 
portion  of  solid  disappears.  The  temperature  at  which 
there  is  a  very  small  amount  of  solid  remaining  is  the 
melting  roint  and  may  be  observed  as  described  by  the 
above  definition.  The  softening  roint  is  observed  to 
be  that  temperature  at  which  the  corners  of  an  angular 
riece  of  the  solid  substance  first  become  rounded.  Both 
of  these  points  may  be  experimentally  checked, 

in  commenting  on  Selvig’s  (8)  conclusions  regarding 
the  erroneous  results  obtained  by  using  the  microryro- 
meter,  bitterer  and  Royer  say, 

” . The  gas  furnace 
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method.  is  so  insensitive  that  it  does  not  detect 
fa)  tne  ef.tect  of  the  sample,  being  a  mechanical 
mixture  of  various  refractory  oxides;  and  (b)  the 
effect  of  the  reduction  of  the  oxides  with  a  2*1 
GQ-00g  atmosphere.  in  other  words,  the  gas  furn¬ 
ace  simply  determines  an  over- all  sint ering-fusion 
noint.  It  is  quite  likely  that  if  a  given  globule 
obtained  from  the  fusion  of  a  cone  in  a  gas  furnace 
were  powdered  and  remelt ediin  the  micropyromet er , 
check  determinations  would  be  obtained.  Hence  no 
one  should  attempt  to  determine  the  melting  point 
of  a  mechanical  mixture  of  oxides  by  the  micro¬ 
pyrometer  method.  Tidely  varying  results  are  to 
oe  expected.  However,  if  the  mixture  has  been 
nreviously  fused  to  ensure  homogeneity  and  then 
powdered  and  sized,  very  satisfactory  determinations 
may  be  obtained.'* 

bitterer  and  Royer  describe  briefly  their  proced¬ 
ure  in  determining  a  melting  Point.  pure  oxides,  stabl 
compounds  and  eutectic  materials  offer  no  great  diffic¬ 
ulties.  A  few  grains  of  130-150  mesh  sized  material  is 
placed  in  a  slight  degression  which  has  previously  been 
made  on  a  platinum  strip,  the  can  is  placed  on,  the 
desired  atmosphere  obtained  and  then  the  current  turned 
on.  fhe  melting  temperature  is  read  when  the  Particles 
assume  a  globular  shape,  as  is  explained  in  their  def¬ 
inition  of  melting  point. 

fhey  state  that  the  chief  advantages  for  the  in- 

i 

strument  for  such  materials  as  peO,  MnO,  2pe0.Si0g  etc., 
lies  in  the  elimination  of  refractory  difficulties  and 
in  absolute  control  of  atmospheric  conditions.  Rhe 
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real  difficulties  are  encountered  when  studies  are  made 
of  slag  systems  which  have  unstable  compounds,  liquid 
uhases  of  high  viscosity  etc..  Such  difficulties,  they 
believe,  would  be  just  as  great  or  greater  in  other 

methods . 

^or  samples  which  are  not  single  oxides  or  compounds 
two  transformations  are  observed,  according  to  these 
authors.  One  represents  a  noticeable  softening  of  the 
sample  which  probably  corresponds  to  the  eutectic  temp¬ 
erature,  and  the  second  is  that  point  at  which  the  mat¬ 
erial  is  completely  molten  as  closely  as  can  be  determ¬ 
ined  by  observation.  Where  the  difference  between 
these  two  points  is  small  (not  over  150°C.  )  the  two 
changes  are  easily  discernible.  Where  the  softening 
interval  is  large  transformation  is  sluggish  and  it 
is  exceedingly  difficult  to  determine,  by  observation 
the  exact  points  at  which  the  last  trace  of  solid  be¬ 
comes  fluid. 

These  authors  also  give  some  precautions  which  are 
of  considerable  importance,  if  good  results  are  to  be 

obtained  using  the  pe  Graaf  apparatus. 

"On  each  determination,  duplicate  conditions 
must  be  maintained;  such  as  the  rate  of  flow  of  gas 
through  the  chamber;  the  rate  of  heating  of  sample; 
and  proper  focusing  of  the  radiation  pyrometer  for 
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temperature  measurement . 

"A  slaw  heat in?  rate  is  essential  for  two  reasons ; 

1-)  To  enable  the  temperature  of  the  sample  to  keen* 
pace  with  that  of  the  platinum  stria  and  (2 )  to  allow 
the  recording  galvanometer  to  folio-  at  the  same 

rat  e . 

"A  fast  heating  rate  results  in  the  strip’s 
temperature  being  continual!;-  higher  than  that  of 
the. sample,  even  on  the  minute  sample  used,  because 
of  its  low  heat  c  in  activity.  Is  ■  a- fast  heating 
rate  causes  the  indicating  needle  of  the  millivolt- 
meter  to  lag  oehind  the  true  value,  because  of  its 
inc rtia. 

"The  sample  on  which  melting  points  ar^  to  be 
determined  must  be  n.laced  n  a  clean  rea  of  nlatinum 

strip  for  each  determination. .  . . .  , 

"••••••  .To  nr  event  the  formation  of  any  intervening 

film  on  the  quartz  window  in  the  chamber  can,  it  must' 
be  removed  and  cleaned  before  each  melting  no int  ob¬ 
servation  . 

"Any  change  in  the  distance  between  the  strip  and 
thermopile  affects  the  temnerature  neadin^s  material¬ 
ly  . w 

Two  sections  of  the  summary  of  Tit ter er  and  Royer’s 

(2 ) 

micropyrometer  method  of  melting  noint  invest igation. 

"The  method  is  very  accurate  for  the  determin¬ 
ation  of  the  melting  points  of  stable  compounds, 
eutectics  and  pure  oxides.  It  can  be  used  for  late 
e ^ials  which  present  Insurmountable  refractory  and 
atmosnh^ric  difficulties  to  other  more  widely  known 
nrocedures . . 

"The  accuracy  of  the  met ho  .  is  admittedly  de¬ 
creased  in  the  study  of  materials  which  have  wide 
temperature  ranges  of  solid-liquid  immiscib ility . 
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Also ,  for  materials  such  as  the  authors  have  invest¬ 
igated  there  is  no  other  method  which  shows  greater 
accuracy. " 

Conclusions  from  Previous  Work 

The  T)e  Oraaf  apparatus  in  its  essentials  is  not 
a  new  instrument,  the  principles  having  been  used  by 
various  investigators  since  1907.'  To  some  of  them, 
especially  ^it^erer,  it  has  proved  a  very  useful  in¬ 
strument,  as  accurate  as  any  other  type  of  melting 
point  apparatus  for  some  purposes.  At  one  time  it  was 
suggested  that  it,  as  well  as  the  gas  furnace  method, 
be  adopted  as  a  tenative  standard  in  coal  ash  work. 

It  is  interesting  that  selvig,  as  well  as  pitterer,  was 
one  of  the  individuals  who  made  this  proposal,  The 
instrument  was  successfully  used  in  determinations  of 
the  perrous  oxide-silica  system  by  Herty  and  Pitterer 
and  their  report  is  accept ed  and  ref erred  to  in  many 
articles  involving  this  system. 

Selvig' s  (8)  report  showed  that  the  design  of  the 
De  graaf  instrument  and  it's  method  of  operation  as  laid 

down  by  the  manufacturers  would  not  give  consistent 
results.  This  is  due  to  (a)  improper  calibration  of 

the  instrument  and  (b)  incomplete  definition  of  the 

softening  and  fluid  temperatures  as  shown  in  the  ])e 
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Graaf  apparatus,  The  first  of  these  is  inherent  in  the 
instrument  itself  and  involves  the  relationship  between 
electric  potential  developed  by  the  Ardometer  and  temp¬ 
erature.  The  millivoltmet er  of  the  instrument  is  grad¬ 
uated  in  temperature  units  and  as  will  be  shown  later., 
these  are  not  true  temperatures.  The  second  depends 
upon  the  observer  and  his  interpretation  of  these  temp¬ 
erature  points.  The  instrument  is  sensitive  to  all 
variations  of  the  material  of  which  the  melting  point 
is  beino-  determined.  Some  isolated  particles  will  melt 
before  the  main  mass;  others  may  remain  solid  several 
hundred  degrees  after  the  main  mass  is  fused.  The  con¬ 
dition  of  the  mass  as  representative  of  these  particular 
temperature  points  has  to  be  standardized. 

Fitterer  and  Royer  (2)  have  determined  the  best 
practical  uses  of  this  type  of  apparatus  and  their 
report  treats  the  method  more  fairly  than  any  other  that 
has  come  to  the  attention  of  the  author.  They  define 
the  melting  point  to  be  used.  They  state  the  necessity 
for  standardizing  the  instrument,  and  give  a  method  of 
doing  this.  They  sum  up  the  applications  of  the  instru¬ 
ment.  Fitterer  has  used  the  instrument  in  a  variety  of 
investigations  and  is  convinced  of  its  usefulness. 


Figure  1. 

Optical  Pyrometer. 
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CHAP  TEA  III 

ST AUDARD  I Z  AT  1 0  IT  OF  THL  IE3TR1TI1E1TT 

/ 

in  trod  no  tor;/ 

One  of  the  chief  reasons  why  the  pe  Oraaf  has  not 
proved  a  useful  instrument  is  that  it  is  not  nrone re¬ 
calibrated.  The  scale  on  the  millivoltmet er  supplied 
is  graduated  to  be  read  in  degrees  Fahrenheit,  but  it 
is  not  a  correct  temperature  reading.  Before  the  in¬ 
strument  can  be  used  it  is  necessary  to  have  a  scale 
or  a  granh,  by  means  of  which  observed  t earner at ures 
may  be  converted  to  true  temperatures. 

In  the  present  investigations  the  Pe  C-raaf  appar¬ 
atus  has  been  calibrated  against  a  Leeds  and  Port hr up 
optical  pyrometer  the  calibration  of  which  had  been 
checked  in  the  laboratories  of  the  Research  Council  of 
Alberta. 

Calibration 

Calibration  of  th  f  is  low¬ 

ing  manner;  The  Be  Craaf  instrument  was  brought  up  to 
a  temperature  of  approximately  1650  ’F. ,  as  read  on  the 
millivoltmet er.  The  rider  >n  t he  rheostat  was  disen¬ 
gaged  and  the  temperature  allowed  to  become  stbady. 
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The  optical  pyrometer  was  then  sighted  through  the 
opening  usually  occupied  hy  the  microscope.  ./hen  the 
optical  pyrometer  was  properly  focused  on  the  hottest 
part  of  the  platinum  strip,  the  temperature  was  read 
simultaneously  on  the  optical  pyrometer  and  the  yrdo- 
meter  by  two  operators. 

Black  /Body  Conditions. 

The  optical  pyrometer  readings  thus  obtained  do  ' 
not  represent  the  true  temperature.  Optical  pyrometers 
are  designed  for  black  body  c  >  ••  it  ions  aid  these  are  not 

realized  in  the  chamber  of  the  De  Graaf  apparatus.  L 
correction  for  black  body  conditions  has  to  be  applied. 

As  noted  by  Foote ,  Fairchild  and  Harrison  (9),  the 
optical  pyrometer  measures  the  intensity  of  the  radiant 
energy  which  the  hot  body  emits,  referred  to  a  restrict¬ 
ed  portion  of  the  visible  spectrum.  In  general,  the 
intensity  of  radiation  depends  not  alone  up  -n  the  temp¬ 
erature  of  the  source,  but  also  moon  the  particular  mat¬ 
erials  constituting  the  source.  Thus  glowing  carbon 
appears  to  the  eye  about  three  times  as  bright  as  glowing 
platinum  when  both  are  at  the  same  temperature.  This 
is  expressed  by  the  statement  that  the  emissive  nov'er 
of  carbon  is  about  three  tiies  that  of  platinum. 
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material  having  the  highest  theoretically  possible  ' 
emissivity  is  known  as  a  black  body.  It  is  given- a 
numerical  value  of  1.  Hence  all  other  materials  have 

emissivity  less  than  1. 

platinum  does  not  oxidize  readily.  Its  surface 
remains  clean  and  o-right .  Hence  its  emissivity  ■>  ill 
remain  constant.  Knowing  the  emissivity  it  is  possible 
to  construct  a  table  showing  the  correction  to  be  applied 
to  optical  pyrometer  readings  when  used  to  measure 
temperatures  in  other  than  black  body  conditions.  ...able 
ll o.  1  shows  these  corrections  as  determined  by  Foote, 
Fairchild  and  Harrison. 

£hat  such  a  conversion  is  possible  is  uorne  out  by 
the  fact  that  an  optical  oyrometer  has  been  used  to. 
maintain  exact  temperatures  of  platinum  gauze,  used  in 
the  industries  as  a  catalyst.  ..his  involves  a  second 
sion,  '  _act  that  the  instrument  is 

being  sighted  on  the  gauze  instead  of  a  plane  metallic, 
surface,  but  the  correction  has  been  computed  and  has 
w o r x e a  s a  i s f aotoril y . 


-25- 


Table  I. 

True  Temperature  versus  Apparent  Temperature 
measured  by  Optical  Pyrometers  using  Red 
Light  (2  -  0.65  )  when  sighted  upon  Platinum 
in  the  open.  Columns  one  and  two  taken  from 
Foote,  Fairchild  and  Harrison.  (9) 


Observed 
t  emnerat are 

°c. 

True 

t  errmerat  are 
°r 

* 

Observed 
t  eirroeratur  e 
'  °F. 

- - —— — - 

True 

t  emperat ure 

700 

750 

1292 

1582 

800 

861 

1472 

1582 

900 

975 

1652 

1785 

950 

1050 

1742 

1886 

1000 

1087 

1852 

1989 

1050 

1144 

1922 

2091 

1100 

1202 

2012 

2196 

1150 

1260 

2102 

2500 

1200 

1520 

2192 

2408 

1250 

1575 

2282 

.  2507 

1500 

1455 

2572 

2615 

1400 

1555 

2552 

2851 

1500 

1675 

2752 

5047 

Class  window  Correction 

The  presence  of  the  pyrex  sighting  window  in  the 
opening  of  the  chamber  necessitates  a  further  correction 
The  amount  and  sign  of  this  correction  has  been  deter¬ 
mined  by  Foote,  Fairchild  and  Harrison  (9),  The  pres¬ 
ence  of  the  window  results  in  a  lowering  of  the  intens¬ 
ity  of  the  light  emanating  from  the  source  and  thus 
the  correction  is  always  positive.  Table  2,  from 
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^oote,  I’airchild  and  Harrison,  indicates  the  amount 
to  he  added  to  optical  pyrometer  readings  for  a  singl 

clean  glass  window. 


fable  2, 

Correction  to  observed  Temperatures  for  Absorp¬ 
tion  of  Light  by  a  Single  Clean  window.  Centi¬ 
grade  readings  from  m0ote,  Fairchild  and 

Harrison.  (9) 


1 

2 

rx 

V 

4 

Cent igrade 

Fahrenheit 

Observed 

Correct  ion 

Observed 

Correction 

Temperature 

!  f  emp  er  at  ur  e 

Temperature 

Temperature 

600 

3.5 

1110 

6 . 3 

800 

5.4 

1470 

9  .7 

1000 

8.0 

1830 

14 . 4 

1200 

10.0 

2190 

18.0 

1400 

13.0 

2550 

23,0 

1600 

16.0 

2910 

29,0 

1800 

20.0 

3270 

36,0 

Table  Ho.  5  shows  the  temperature  observations 
made  in  the  calibration  of  the  J)e  Oraaf  apparatus. 
Column  1  gives  the  temperature  as  read  from  the  pe 
Graaf  millivoltmet er  and  column  2  the  temperature 
equivalent  of  the  millivolt  reading  of  the  optical 
pyrometer.  Column  3  shows  the  optical  pyrometer 
temperature  after  applying  the  correction  from  Tables 


1  and  2 . 
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Table  3. 


Comparison  of  Tenner at ure  observ¬ 
ations  by  De  0-raaf  Apparatus  and 
Optical  Pyrometer. 


.De  Grraaf 
Temperature 
°p , 

1 - 

Optical 

Pyrometer 

°F. 

Opt ical 
Pyrometer 
Corrected 
°P .. 

1625 

1663 

1818 

1660 

1714 

1853 

1795 

1800 

1953 

1640 

1646 

2006 

1920 

1890 

2056 

2050 

2025 

2212 

2090 

2060 

2252 

2140 

2104 

2305 

2190 

2152 

2360 

2230 

2198 

2415 

2240 

2220 

2438 

2260 

2245 

2471 

2300 

2274 

2499* 

2300 

2316  ■ 

2559 

2315 

2346 

2588 

2320 

2282 

2508 

2330 

2346 

2588 

2355 

2380 

2619 

2375 

2375 

2618 

2420 

2390 

2633 

2470 

2450 

2706 

2540 

2514 

2783 

2570 

2549 

2826 

2610 

2570 

2851 

2630 

2600 

2886 

*  The  variation  here  cannot  be  accounted  for 
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Qalibration  Curve 

Figure  S  is  a  plot  of  the  figures  shown  in  Column 
1  and  5  of  table  ho.  3 .  It  is  thus  the  calibration 

curve  of  the  apparatus. 

The  resulting  curve  is  not  a  straight  line,  bitt¬ 
erer  and  Royer  (2)  found  that  the  curve  of  true  temper¬ 
ature  against  millivolt met  pi  readings  was  a  straight 
line.  Presumably ,  the  manufacturer  of  the  he  G-raaf  has 
worked  out  theoretically  the  relation  oe tween  temperature 
and  millivolt  readings  for  this  instrument,  and  has 
substituted  the  teiiroerature  scale  for  the  millivolt 
scale  on  the  millivoltmet er .  It  is  also  possible  that 
a  delicate  instrument  like  the  Ardometer  is  not  amenable 
to  this  standardization.  However,  the  St ef&n-Boitzman 
law  will  still  apply,  so  that  a  straight  line  relation 
should  exist  between  readings  given  by  the  l)e  G-raaf, 
and  t r u. e  t  emp e rat ur e . 

The  curve  of  Graph  1  is  not  far  off  a  straight  line, 
and  the  question  arose  as  to  whether  or  not  to  plot  it 
as  the  best  straight  line,  or  as  a  curve.  The  curve 
was  chosen,  as  is  shown.  Had  the  exact  law  on  which 
the  De  Graaf  temperature  scale  was  based  been  supplied 
with  the  instrument,  it  might  have  been  possible  to 
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det ermine  the  exact  shape  of  the  curve  from  theoretical 
considerations*  Since  no  such  information  was  known,, 
a  curve  based  solely  on  experiment  was  considered  ad¬ 
visable. 

Can  and  window  Correction  Tests . 

Some  tests  were  made  to  find  the  influence  of  the 
supposed  black  body  conditions  which  are  obtained  in  the 
blackened  chamber,  on  the  readings  of  the  instrument. 

Two  runs  were  made  using  both  the  pyrometer  and  the 
Ardometer  to  measure  the  temperature*  The  first  run 
was  made  with  the  can  entirely  off  the  furnace,  so  the 
platinum  strip  was  in  the  open.  The  second  was  made 
with  the  can  on,  but  the  pjrrex  glass  window  taken  off. 

In  both  cases  there  were  no  readings  taken  through  the 
glass  window,  and  t  emperatures  observed  by  the  optical 
pyrometer  had  only  to  be  corrected  for  black  lody  con¬ 
dition,  by  int erpolation  of  Table  1.  These  results  are 
given  in  Table  4,  and  the  points  Plotted  in  Figure  4. 

The  curve  in  this  figure  is  the  same  as  that  shown  in 
Figure  3* 

The  second  column  in 'Table  4  gives  corrected  I)e 
Graaf  apparatus  readings.  If  the  blackened  interior  of 
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the  can  of  trie  apparatus  contributes  nothing  at  all  to 
black  body  conditions  then  readings  taken  without  the 
cap  on  should  be  .lust  as  suitable  for  standardization 
purposes  as  those  with  the  can  in  place,  There  are 
several  reasons  why  it  was  considered  inadvisable  to  use 
these  figures  in  the  actual  calibration.  In  the  first 
place,  air  currents  changed  the  temperature  of  the  strip 
suddenly,  so  that  it  was  difficult  to  maintain  steady 
conditions,  further,  the  absence  of  the  glass  window, 
and  of  the  furnace  can,  affected  the  Ardometer  reading. 
If  a  fairly  uniform  t emnerature  reading  was  obtained 
with  the  can  off,  suddenly  replacing  the  cap  without 
the  glass  window  would  raise  the  De  Iraaf  temperature 
reading  10°-15nF.  If  now  the  glass  window  was  to  be 
put  on,  the  temperature  dropped  80r'  in  the  lower  ranges 
un  to  2300°F. ,  and  100°  in  the  upper  ranges,  above 
2400° 3? .  Mil  1  ivol tme ter  readings  given  in  column  2, 

Table  4,  have  had  this  latter  correction  applied. 

In  other  words,  a  window  correction  is  necessary 
for  the  Ardometer,  of  the  same  nature  as  that  for  the 
optical  pyrometer,  shown  in  Table  2.  The  ne  CJraaf 
reading  for  the  first  observation  shown  in  Column  2  is 
1725°f . ,  with  cap  off  and  no  glass  window  intervening 
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between  the  Ardometer  and  the  platinum  str in »  rto  make 
this  reading  comparable  with  observations  made  with 
the  glass  window  int ervening,  a  correction  of  -80°?. 
must  be  made,  which  would  give  a  temperature  reading 
of  1645°F.  For  a  reading  of  2550OF*  the  correction 
would  be  -100°F.  and  the  t emu erature  2450°F. 

Replacing  the  cap  without  the  glass  window  as  men¬ 
tioned  avove,  would  of  course  to  a  large  extent  restore 
the  black  body  conditions  which  this  determination  was 
to  eliminate.  However  the  only  effect  is  to  raise  the 
temperature  10°-15°F. ,  by  decreasing  the  air  currents 
and  by  keeping  the  platinum  strip  in  an  atmosphere  of 
warm  air.  This  rise  in  temperature  will  be  shown  by 
both  ontional  pyrometer  and  Ardometer  and  will  not 
affect  the  calibration.  ^t  should  be  noted  that  this 
test  in  itself  proves  that  black  body  conditions  are 
not  being  obtained  in  the  heating  chamber. 

The  observations  of  Table  4,  plotted  in  Figure  4 
indicate  that  the  cap  has  no  appreciable  effect  on  the 
readings  of  temperature  as  recorded  by  the  optical 
pyrometer  or  by  the  millivoltmet er .  It  does  not  con¬ 
tribute  to  the  black  body  conditions  which  are  con¬ 
sidered  necessary  for  correct  readings  with  either 


■ 
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Table  4, 


Temperature 

by 

De  Graaf 

Same 

corrected 

for 

window 

. ■■  1 

Optical 

Pyrometer 

Temp . 

* 

Jj  * 

Corrected 
for  Black 
body 

conditions 

°F. 

'H 

1725 

1645 

1665 

1797 

'H 

o 

1750 

1670 

1710 

1846 

■  ! 

1860 

1780- 

1753 

1898 

0 

1870 

1790 

1767 

1914 

1960 

1880 

1847 

2006 

•H 

2070 

1990 

1968 

2141 

2090 

2010 

1986 

2167 

2160 

2080 

2055 

2238 

'H 

2293 

2213 

2234 

2454 

2411 

2310 

2330 

2567 

P'*l 

33 

2550 

2450 

2470 

2735 

O 

2570 

2470 

2470 

2735 

1725 

1645 

1680 

1:813 

'H 

1  735 

1655 

1695 

1830 

-H 

o 

1830 

1750 

1739 

1889 

£=». 

2075 

1996 

1968 

2148 

6 

'2145 

2065 

2070 

2265 

2180 

2100 

2080 

2276 

•H 

2270 

2190 

2190 

2410 

2380 

2290 

2272 

2518 

• — i 

2402 

2300 

2318 

2547 

o 

2440 

2340 

2344 

2585 

Pi 

33 

O 

2590 

2490 

2505 

2753 

instrument.  It  arrears  that  it  is  nossible  to  consider 
a  reading  made  sighting  on  the  platinum  strin  as 
equivalent  to  sighting  on  a  wall  of  bright  platinum, 


m  v/nich.  case  the  t&ole  given  in  ;oote,  Fairchild  and 

Harrison  ( 9  )  will  appl;.  . 

Ihe  readings  recorded  in  Table  3  give  a  smooth 
curve  up  to  temperatures  ranging  from  2500°  to  2600°F. 

In  this  area  the  plotted  points  are  rather  irregular, 
usually  too  high .  An  attempt  was  made  to  check  t  t 
curve  at  this  point,  but  this  was  unsatisfactory,  The 
difficulty  seemed  to  be  one  of  obtaining  the  correct 
optical  pyrometer  reading.  Much  care  was  .necessary  to 
get  the  loon  of  the  filament  to  disappear  in  the  usual 
manner.  However,  as  mentioned  before,  if  the  oe  Q-raaf 
has  been  calibrated  on  a  theoretical  background,  (using, 
the  Stefan-Boltzman  law)  some  mathematical  relation  should 
exist  between  the  observed  t emperature  and  the  true  temp¬ 
erature.  The  curve  correlating  the  two  temperatures 
should  be  simple  and  continuous.  It  should  exhibit  no 
irregularities.  Consequently  it  is  believed  that  the 
relation  shown  by  the  ,  :raph  will  be  nearest  correct. 

Leg  Affect  on  ..  plain;  ■  Cycle 

The  De  Hraaf  temperatures  and  correspond in  v  optical 
pyrometer  readings  shown  in  Table  3  were  obtained  with 
the  mechanism  stopped  and  after  conditions  had  become 
relatively  steady.  Formally,  however,  the  instrument 
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is  read  on  a  rising  cycle.  At  the  temperature  of  reading 
there  may  'be  a  difference  between  the  temperature  indic¬ 
ated  by  the  Ardoraeter- nillivoltmeter  and  the  actual 
temperature  of  the  Platinum  strip  upon  which  the  observ¬ 
ations  are  made.  The  magnitude  of  the  difference  is 
shown  in  Table  5. 


Table  5, 


Temper at  ure 
of 

Lis engagement 

O-n 

11  • 

yr . .  "ri  1  ■  — 

Temperature 
.reached  by 
needle 
°F. 

1600 

1675 

1700 

1770 

1800 

1870 

1900 

1990 

2000 

2065 

2100 

2115 

2200 

2210 

2300 

2310 

2400 

2412 

2500 

2510 

The  table  shows  that  up  to  a  temperature  of  20C0°P, 
the  final  temperature  is  approximately  70°  above  the 
original.  Above  2000°?.  it  is  on  the  average  10°  above 
the  original. 

The  significance  of  the  spread  between  the  two 
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readings  is  not  entirely  clear.  At  least  two  factors 
enter  into  the  lag  which  the  instrument  readings  show. 

One  is  due  to  the  lag  of  the  Ardometer,  which  when  focused 
on  a  body  takes  eight  seconds  (10)  to  come  to  the  temp¬ 
erature  of  that  body.  The  other  is  the  lag  of  the  plat¬ 
inum  strip  in  reaching  the  temperature  to  which  the  last 
increment  of  current  wM ch  it  has  received  will  eventu¬ 
ally  heat  it.  Since  these  two  factors  work  in  the  same 
direction,  their  effects  will  be  additive.  That  is,  if 
the  Ardometer  could  record  instantaneously  the  terry  erature 
of  any  body,  there  would  be  a  temperature  lag  due  to  the 
time  required  for  the  platinum  strip  to  come  to  temperat¬ 
ure.  If  the  platinum  strir  could  come  to  temperature 
at  once,  with  the  ordinary  Ardometer  there  will  be  the 
natural  lag  of  the  Ardometer.  The  lag  shown  will  thus 
be  due  to  the  sum  of  these  two  factors. 

The  lag  in  heating  of  the  platinum  strip  will  in  no 
way  effect  the  melting  point.  The  total  error  due  to  lag 
is  thus  reduced  to  that  of  the  Ard  meter.  According  to 
the  Bacharach  Instrument  Go.  (10)  the  instrument  takes 
about  one  second  to  adjust  itself  for  the  last  40°  , 
increment  of  temperatures  in  the  upper  ranges.  This  is 
about  the  rate  of  heating  on  the  fast  part  of  the  feed. 
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On  the  slower  part  of  the  feed  the  rate  of  heating  is 
3-4°P.  >nd,  and  the  Ardometer  reading  should 

record  the  temperature  almost  exactly. 

It  seems  possible  that  the  rate  of  current  rise  on 
the  first  nart  of  the  scale  is  too  rapid  to  make  determ¬ 
inations  in  this  range  correct  without  standardization 
of  the . instrument  it!  bstances  of  known  melting 
noints.  Hor  temperatures  where  the  feed  is  on  the  slow 
part  of  the  screw,  there  should  be  no  appreciable  error 
due  to  this  cause,  in  using  the  graph  as  illustrated. 

However,  except  for  gold,  this  expected  error  was 
not  found  on  the  piire  substances  of  known  melting  point 
(see  Table  6).  Even  in  the  case  of  gold  the  r»urit'T  of 
the  gold  was  in  some  doubt  wit-..  the  melting  point  likely 
to  be  somewhat  lower  than  that  of  pure  gold.  Tence  it 
is  possible  that  the  De  Graaf  Ardometer  gives  correct 
readings  of  the  temperature  of  the  platinum  strip  in 
all  ranges  even  when  the  temperature  is  being  raised  at 
a  fairly  ran  id  rate. 


CIIAPfER  IV 
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Introductory . 

.....  — ■  »  .  -  — m  iL^Hr i  a 

In  industry  and  in  the  laboratory  meltin'"  paints 
are  required  on  various  types  of  materials.  These  may 

he  classed  as: 

fa)  Pure  substances ,  elements  a nd  chemical  compounds, 
eutectic  mixtures,  etc.  with  a  sharp  melting  point, 

(h)  lie  chan  ical  aggregates  of  powdered  materials,  coal 
ash,  Se  *  s,  clays,  slag  forming  materials  etc.  on 
which  it  is  desired  to  obtain  a  formation  temperature  and 
not  a  true  melt in  /  point. 

(c)  Physical  mixtures,  fused  slags,  salt  mixtures,  etc 
i  :  a  melting  point  range  and  no  fixed  temperature  to 
mark  the  transformation  from  liquid  to  solid  state. 

Various  materials  and  mixtures  of  these  types,  the 
melting  point  or  range  of  which  were  known  from  dsther 
sources,  have  been  studied  with  the  De  Graaf  apparatus. 
The  results  obtained  are  shown  in  tables  6  to  IS. 


ure  Dub stance^ 

A  number  of  rure  substances,  the  melting  noint  of 
which  were  known  to  be  within  the  temperature  range  of 
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the  calibration  curve  were  studied  with  the  apparatus. 
The  results  are  shown  in  gable  Ho.  6. 

Table  6, 


Melt ing 

Points 

of  Pure  Substances. 

1 

2 

r  ,,r  i. 

ry 

4 

5  6 

■Substance 

D.e  Graaf 

Melt  ingfrror 

— - — - - - 

Melting  ■  Remarks 

Reading 

Point 

Point 

OR, 

°F. 

°r  . 

Ref.  * 

Silver 

1775 

1760 

15 

(12) 

Gold 

1900 

1945 

-45 

It 

LgGOd 

SO  20 

19  70 

50 

it 

Gafg 

2495 

2512 

-17 

M 

Iron 

2850 

2790 

40 

uxidiz ing  Atmosphere 

^  0  1  '•  0  r~z- 

1  -  -  -  ■ 

2850 

2790 

40 

t?  j  it  n 

*  References  refer  to  bibliography. 


From  the  table  it  is  seen  that  very  good  iel ting- 
point  determinations  can  be  made  on  pure  substances 
using  the  oe  Graaf  and  the  correction  curve,,  (fig,  5) 

Goal  psh. 

A  great  many  melting  point  determinations  of  coal 
ash  were  made.  Table  7  gives  the  melting  points  as 
determined  on  the  19  coal  ashes  s implied  fry  Selvig  to 
the  Research  Council  of  Alberta,  (8) 

3t 


Table  7, 


Melting  Point  of  Goal  Ash  Samples. 


•  1 

2 

3 

4 

Substance  De  0-raaf 

Bur.  of  Mines  A 

Iberta  Rsch.  Council 

Melting  pt . 

Ash  Furnace 

Ash  Furnace 

Melting  pt . ( 8 ) 

Melting  Pt.  flS)  * 

0  F 

Coal  yo 

2690-2715 

2690-2690 

2685 

Coal  #4 

2580-2615 

2540-2590 

2550 

2745-2820 

2710-2760 

2685 

"  #6 

2460-2505 

2410-2420 

2370 

"  #7 

2555 

2210-2210 

2190 

"  #8 

2805 

2670-2760 

2685 

”  #9 

12415-2565 

2510-2530 

2460 

”  #io 

12555-2665 

2630-2670 

42685 

”  S-14 

2550-2570 

2500-2510 

2460 

"  #15 

2825-2855 

2730-2770 

4  2685 

”  #16 

2450-2565 

2530-2570 

2505 

"  #17 

2760 

2780-2800 

-f-2685 

M  Pl8 

2635-2685 

2530-2570 

2460 

T’  #18 

2205 

2120-2130 

2055 

*  private  Communication. 

Table  7  shows  that  very  good  checks  can  be  made 
between  the  pe  G-raaf,  and  ash  fusion  furnace  deten  in- 
at  ions.  The  maximum  difference  shown  in  the  Bureau 
of  lines  Ash  Fusion  Furnace  results  (Column  5)  in  two 

check  determ::  nations,  is  90°p.  (coal  #6),  In  many  cases 
the  difference  is  40°  or  50°?.  In  the  Research  Council 
of  Alberta’s  (14)  check  run  on  the  Bureau  of  lines 
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results,  the  greatest  error  shown  is  90°F.,  ( go el  18). 
It  is  seen  that  the  average  check  which  can  he  obtained 
with  the  ash  fusion  furnace  is  about  50°I?’.,  and  in  some 
isolated  cases  the  difference  may  go  as  high  as  100°F . 

The  values  shown  for  the  De  Graaf,  in  Column  2  on 
the  whole  also  check  within  50°F.  The  greatest  differ¬ 
ence  ( 150°F .  )  is  coal  #9,  The  results  of  #9,  #10  and 
#16  were  taken  many  months  apart,  and  those  in  greatest 
error  were  the  first  determinations  made,  so  that  it  is 


■possible  that  the  maximum  error  which  should  be  obtained 
in  checks  bj/  an  experienced  operator,  can  be  set  at  100°F 
for  the  pe  Oraaf ,  as  it  was  for  the  ash  fusion  furnace. 

In  a  comparison  of  De  Oraaf  Temperatures  with  the 
Bureau  of  Mines  average  values,  the  greatest  error  is 
in  #7,  where  the  De  Oraaf  temperature  is  145°  too  high. 
The  next  greatest  error  is  for  Coal  #  18,  with  a  temp¬ 
erature  110°  above  the  Bureau  of  Mines  average  tempera¬ 
ture.  Both  these  results  may  be  due  to  oxidization 
of  iron  in  the  coal  ash  during  the  progress  of  the 
determination.  Further,  in  10  of  the  examples  illusw^  t- 
ed,  the  pe  Oraaf  results  arc  slightly  higher  than  the 


corresponding  ash  fusion 
also  be  explained  by  the 


furnace  results 
fact  that  since 


This  can 

oxi  \z 


-41- 


conditions  were  used  in  the  De  Graaf  the  melting  point 
will  be  higher  due  to  oxidation  of  the  iron  to  FegOy. 

Table  8. 

Checks  between  the  be  Graaf  melting  points 
(8)  Laboratory  !fo,  2,  and  Ash  Fusion  Furnace 
Melting  Points.  (De  Graaf  results  corrected 
using  Figure  2, ) 


no . 

De  Graaf 

Ash  Fusion  Method 

initial: 

Final 

Initial 

Softening 

Fluid 

3  F 

°F 

°  F 

°F 

opr 

i 

2350 

2635 

2850 

2910 

2 

2370 

2915 

2840 

2900 

2920 

3 

2360 

2615 

2500 

2600 

2690 

4 

2440 

2765 

2190 

2470 

2570 

5 

2440 

2590 

2510 

2620 

2740 

6 

2215 

2325 

2080 

2180 

2420 

7 

2165 

2215 

2000 

2060 

2210 

8 

2530 

2805 

2470 

2610 

2720 

9 

2170 

2305 

2130 

2280 

2520 

10 

2270 

2430 

2330 

2520 

2650 

11 

2220 

2305 

2060 

2200 

2490 

12 

2325 

2650 

2590 

2710 

2820 

13 

2260 

2665 

2540 

2670 

2890 

14 

2210 

2345 

2110 

2200 

2510 

15 

2305 

2700  . 

2550 

2650 

2750 

16 

2250 

2435 

2180 

2340 

2550 

17 

2345 

2510 

2550 

2670 

2790 

18 

2155 

2325 

2100 

2400 

2550 

19 

2100 

2130 

2000 

2040 

2130 

Table  8  is  taken  from  Selvig’s  report  (8)  on  the 
pe  Graaf  apparatus.  In  this  rerort  Laboratory  No.  2 
is  that  of  the  Research  Council  of  Alberta,  and  their 
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determinations  were  made  on  the  instrument  on  which  all 
this  work  has  been  done.  Column  1  of  Table  8  is  the 
average  initial  temperature  reading,  given  by  Selvig, 
corrected  using  the  calibration  graph.  Column  2  is  the 
final  temperature  reading,  similarly  corrected. 

The  results  of  this  table  show  little  beyond  the 
fact  that  in  most  cases,  the  De  (Jraaf  readings  lie 
between  the  initial  and  fluid  temperatures  given  bjr 
the  ash  fusion  method. 

Table  9  illustrates  the  type  of  checks  which  can 
be  obtained  on  the  softening  point  and  melting  point 
of  coal  ash,  compared  to  ash  furnace  determinations . 

The  checks  on  softening  points  are  not  very  good. 
Considerable  variation  can  be  expected  on  this  point 
unless  attempts  are  made  to  correlate  a  stage  of  fusion, 
readily  recognized  in  the  De  Craaf,  with  the  softening 
temperature  as  determined  in  the  ash  fusion  furnace. 

This  correlation  was  not  attempted,  but  it  is  possible 
that  a  softening  point,  as  determined  with  the  De  Craaf 
apparatus  will  be  of  as  much  value  in  estivating  the 
clinker  forming  temperature  of  a  coal,  as  the  aso 
fusion  softening  point,  determined  according  to  A.S.T.D. 
specifications  (11). 


-45- 


Table  9, 

Comparison  of  pe  C-raaf  and  Ash  Fusion 
furnace  Temperatures 


D#  (*raaf  F<.e. 

Softening 

Fusion 

Coal 

Temp,  from 

Point  from 

Softening 

Fusion 

/vs . 

Correction 

Correction 

$ emperatureT 

emnerature 

Curve 

Curve 

9 ' fT 

504-50-39 

2565 

2540 

2597 f 15 i 

2685(151 

509-50-55 

2500 

2420 

2355  ”  j 

2420  H 

509-50-38 

2500 

2415 

2355  M 

2420  " 

510-50-36 

2420 

2575 

2550  " 

2600  " 

514- 

2256 

2505 

2327  ” 

2415  " 

51 7 -51 -C 

2250 

2335 

2228  M 

2350  " 

506-51-C 

2130 

2060  " 

306-31 -GC 

2140 

2280  " 

511-51-0 

2070 

2055  " 

516- 

2375 

2500  " 

Coal  #9 

2545 

2565 

2270(8 ) 

2520(8  ) 

Coal  #10 

2445 

2665 

2o  20  " 

2650  " 

Coal  #16 

2355 

2565 

2340 

2550  " 

Coal  #7 

2290 

2365 

2060 

2210  " 

*  private  Communication. 
prton  Cones 

Orton  Cones  are  made  from  mineral  mixtures,  finely 
ground  to  give  uniformity,  and  molded  into  cones  of 
standard  size  and  shape.  The  constituents  forming  the 
mixture  are  nronortioned  in  such  a  manner  that  when 
sufficiently  heated,  the  tin  of  the  cone  will  bend  over 
and  reach  a  level  with  the  base  of  the  cone  at  the 
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same  temperature  in  every  case,  provided  the  rate  of 
heating  is  uniform  in  every  case,  and  also  provided 

the  rate  be  fairly  slow. 

ihe  melting  Point  of  cone  material  can  be  determin¬ 
ed  in  the  pe  Oraaf  apparatus,  but  the  resultant  temper¬ 
ature  cannot  be  expected  to  coincide  with  the  melting 
points  which  are  published  for  the  various  cones.  Con¬ 
sequently,  several  cones  were  placed  in  the  ash  fusion 
furnace,  and  melting  points  determined  according  to  the 
A.S.f.M.  Standard  Method  (11).  The  results  are  shown 
in  Table  TTo.  10. 


Table  10. 


Comparison  of  Melting  Points  of  Seger  Cones  made  with 
Standard  Ash  Fusion  Furnace  and  with  the  Pe  Graaf 

apparat us . 


1 

2 

3 

4 

5 

6 

Cone 

Ash  Fusion  Fee 

De  G-raaf  Fee. 

Humber 

Initial  Pe- 

Sof t  eningHose 

Initial 

Final 

formation 

Point 

over 

°f'. 

°F . 

"  °F . 

°F . 

op , 

Cone 

:  3*(-§-  Size  ) 

2100 

2200 

2150 

2220 

2245 

M 

5  a  "  ) 

2150 

2290 

2220 

2170 

2230 

t! 

9  a  "  ) 

2290 

2435 

2413 

2275 

2380 

tt 

9 (Full  Size) 

2280 

2430 

2344 

2275 

2380 

!» 

15  (i  Size) 

2550 

2620 

2480 

2600 

T? 

18 

2640-2660 

2540 

2750 

u 

9 (Fused  sampl 

e  ) 

2255 

2330 

*  Contains  iron. 
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In  Table  10,  column  2  gi^es  the  initial  deforma¬ 
tion;  column  5  gives  the  temperature  at  which  the  cone 
had  completely  collapsed,  that  is,  it  had  softened  suf¬ 
ficiently  to  have  fallen  in  at  all  parts  and  column  4 
gi^es  the  temperature  at  which  the  tip  of  the  cone  had 
bent  o’rer  and  reached  a  point  on  a  level  with  the  base 
of  the  cone.  In  only  one  case  does  column  4  show  the 
melting  point  temperature  given  in  tables  for  this  cone. 
For  cone  f 9 ,  full  size,  the  temperature  recorded  u:  d£r 
’’nose  over”  was  taken  as  specified  for  the  melting  point 
of  the  cones.  This  cone  melts  at  2545°*’. 

other  temperatures  recorded  under  ’’nose  over”  are 
for  cones  of  half  the  original  height,  so  the  melting 
points  recorded  in  this  column  will  be  too  high.  They 

are  given  in  tables  as 

ITo .  5  --2158  of 
Pol  5  —2201  °F 
No.  18  —2714 

Of  these  cones,  only  #5  contains  any  iron,  and  the  ^oor 
checks  for  this  cone  can  be  attributed  to  the  oxidation 
of  some  of  the  iron  while  the  determinations  were  being 
made.  De  Oraaf  determinations  were  made  on  screened 
material,  100-150  mesh. 

Orton  cone  materials  are  very  viscous  when  in  the 
liquid  condition.  For  this  reason  it  is  impossible  to 
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obtain  a  true  fusion  point  on  these  substances.  The 
initial  deformation  temperature,  and  the  softening 
temperature  as  defined  above,  are  easily  recognized  in 
the  ash  fusion  furnace.  In  the  De  G-raaf  furnace  the 
initial  deformation  temperature  is  also  easily  determined 
being  the  temperature  where  the  first  particle  begins 
to  lose  its  angular  outline.  On  screened  samples  of 
100-150  mesh  the  final  De  G-raaf  apparatus  melting  point 
has  been  taken  as  the  temperature  where  all  the  particles 
have  lost  their  angular  outline  and  formed  small  rounded 
spots  on  the  platinum  strip,  but  they  do  not' yet  show 
any  tendency  to  spread.  It  is  thought  that  with  these 
definitions  the  final  De  Oraaf  temperature  becomes  com¬ 
parable  with  the  ash  fusion  furnace  softening  point. 

The  checks  are  very  close,  in  column  2  and  5  and  in  5  and 

6,  the  maximum  error  being  in  the  case  of  cone  fZ ,  where 

the  De  Oraaf  apparatus  initial  deformation  is  120°  too 
high . 

Cone  H 9  (Fused  sample)  shows  a  pe  Oraaf  melting 
point  determination  on  the  fused  material  of  Cone  if 9 
taken  from  the  ash  furnace  determination,  the  melting 

point  of  which  is  shown  in  the  table.  It  is  seen  that 

the  initial  deformation  has  been  lowered  20°^.,  the 
final  meltina  ^oint  50°F.  by  previously  fusing  the  sample 
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Slao~s 

Gold  metallurgical  slags  are  mixtures  of  silicates 
similar  to  coal  ash  and  orton  cones,  hut  the  materials 
have  already  been  fused  and  thus  the  intimacy  of  assoc¬ 
iation  of  the  various  substances  is  much  more  complete, 
^or  this  reason  multiple  fusion  point  determinations  on 
such  substances  should  show  much  less  variation  than 
those  on  mechanically  mixed  components. 

Table  11  shows  melting  points  on  five  different 
slags . 

Table  11. 


Melting  Points  of  Slags  by  the  De  G-raaf  Method. 


1 

2 

' 

3- 

Bing 

Melting  Point 

Flow  Point 

°F 

•  F 

Trail  Electric  Steel  pee 

.  2090-2090 

2180-2150 

Trail  Lead  Smelter 

2075-2076 

2140-2240 

Fuming  Furnace  Slag 

2170-2190 

2240-2240 

Gu.  Slag  #1 

2105 

Gu.  Slag  #2 

2210 

'  The  fusion  temperatures  of  Table  11  were  not  checked 
by  ash  fusion  determinations.  The  first  three  have  two 
temperatures  shown,  the  melt  ing_..point  determined  in 
the  same  manner  as  the  value  shown  in  column  6,  table  10, 
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The  temperature  was  then  allowed  to  rise  until  spreading 
of  the  slag  occurred  on  the  platinum  strip,  anb  this 
is  entered  in  column  3,  table  11  as  "Plow  Point",  ^or 
the  frail  Electric  Steel  Furnace  and  the  Trail  Fuming 
Furnace  slag  this  point  was  fairly  definite,  but  in 
the  case  of  the  Trail  Lead  Smelter  slag,  the  flow  r' oint 
varied  somewhat.  From  observations  on  the  method  of 
melting,  it  was  seen  that  the  Trail  Lead  Smelter  slag 
was  of  a  more  viscous  type  than  the  other  two,  which 
probably  accounts  for  the  variation  in  its  "flow  point”. 
The  Fuming  Furnace  slag  was  also  somewhat  viscous  though 
less  so  than  the  Smelter  slag.  Fo  appreciable  variation 
in  the  "flow  point”  was  obtained  for  this  slag.  The 
Electric  steel  Furnace  slag  was  quite  fluid. 

These  determinations  were  made  on  screened  material , 
100-150  mesh.  One  difficulty  was  encountered,  in  that 
the  pe  Oraaf  has  been  designed  for  the  higher  temperatures 
of  coal  ash,  and  in  the  range  in  which  these  slags  fall 
the  rate  of  -  ■  -  t~’n  ■'  i  s  tn  .»  •nu.ht  t  >  ad  nit  proper  rL.  term¬ 
ination;  of  the  melting  point. 

Three  synthetic  slags  were  also  made  up  o~  the 
f o 1 1 o w i n g  compositi o n s : 
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Table  12. 


no. 

Co  up  os 

ition  in  Per 

Cent 

CaO 

!  MgO 

bib  03 

siui  ::Lo 

- 1 

iino 

31 

35.0 

15 .0 

6.0 

42.0 

32 

1  rz  rs.  r 

kJkj  «  O 

14.4 

7.7 

40.3 

4 . 0 

-S3 

r,  o  O 
tl)  CJ  » 

13 . 2 

7.2 

38 . 7 

0,0 

34 

- 

MX  O  O 

iJ  (Zj  • 

13 . 2 

7.2 

♦ 

CO 

4.0 

o 

9 

It  should  be  noted  that  the  compos it io  n  of  &lag  32 
is  96  j  slag  31  plus  4'.  *  KgQ .  I  he  composition  of  slag  S3 
is  924  si,  8fj  &20 .  Similarly  slag  34  is  92p  slag  31, 

41T  ZoO  and  4  lino. 

Table  13  gives  the  melting  point  of  these  slags, 
as  deter  lined  by  both  De  Graaf  and  by  ash  fusion  furnace 

methods . 


fable  13 


Me 1 t i ng  points 
Graaf  and 


of  Synthetic  Slag  Mixtures 
Ash  fusion  furnace  Methods 


by 


De 


Slag  be  Graaf  furnace 


Ash  fusion  Furnace 


MO. 

- 

Initial 

[Deform¬ 

ation 

Soft 1 g 
T  em^ , 

Melt 1 g 
Point 

Initial  Soft’g 

Deform-  Temp, 
at  ion 

Melt ! g 

Point 

°f 

°  F 

a  F 

°F 

°r 

kJ 

2365 

2455 

2300 

2372 

2485 

32 

2335 

2555 

2445 

2550 

2575 

2410 

.  33 

2315 

2555 

2445 

S4 

2290 

2555 

'2460 

2270 

2360 

2386 
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The  ash.  furnace  values  of  Table  11  were  determined 
in  three  separate  runs  in  the  ash  fusion  furnace  belong¬ 
ing  to  the  Research  Council  of  .Alberta.  In  each  case 
3  to  4  samples  were  used  for  a  determination,  an  slag  SI 
cones  were  made,  using  dextrin  dissolved  in  alcohol  as 
a  binder,  and  the  cones  mounted' as  is  done  in  coal  ash 
work  in  this  laboratory  (11).  The  furnace  was  shut 
down  when  fusion  seemed  complete.  However  on-  examining 
the  cones  after  the  furnace  had  cooled  it  was  found 
that  these  were  not  completely  fused,  but  had  shrunk: 
to  such  a  small  volume  that  their  height  was  not  great 
enough  to  show  a cove  the  groove  in  the  kaolin  bases. 

On  slags  S2  and  34,  small  cylinders  were  constructed, 
by  cornpressing  the  mixture  in  a  small  briquette  press. 

The  cylinders  were  about  high,  and  l/0M  diameter, 
on  these  it  was  possible  to  observe  the  true  melting 
point . 

Some  interesting  facts  may  be  gained  by  a  study  of 
Tables  13  and  13.  Softening  temperatures,  or  points 
where  the  greatest  contraction  occurs,  is  the  same  in 
almost  all  Gases.  The  f  melting  point  as  determined 
by  the  ash  fusion  furnace  is  decreased  somewhat  by  the 
addition  of  KpO  and  LInu»  In  the  .Do  G-raar  the  xiin.1 


melting  point  is  the  same  in  all  cases.  This  is  to  he 

v 

expected,  because  in  the  ash  fusion  furnace  what  we 
record  is  an  over-all  temperature--produced  by  the 
earlier  melting  particles  absorbing  the  later  ones. 

In  the  De  Graaf,  the  mixture  is  spread  on  the  platinum 
strip.  If  the  ingredients  have  been  pulverized  and 
mixed  until  the  particles  are  all  of  microscopic  size 
and  each  constituent  is  evenly  distributed  among  the 
other  constituents,  the  melting  point  should  be  the 
formation  temperature  for  the  mixture.  This  is  a.  very 
difficult  condition  to  obtain,  and  usually  there  are  a 
few  large  particles  of  one  of  the  constituents  which 
will  show  its  own  melting  point,  in  the  pe  Grayi  determ¬ 
ination.  In  this  case  the  addition  of  lover  melting 
point  materials  has  lowered  the  Initial  Deformation 
but  the  softening  point  and  melting;  point  nas  been 
controlled  by  particles  in  the  ratio  o±  tne  oil*,  inal 


mix t  ur e  ,  si ag  3 1 . 


/  • 
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CHAPTER 

CONCLUSIONS 

The  De  Oraaf  apparatus  has  proved  through  the 
major  wart  of  the.se  investigations  a  very  tricky  in¬ 
strument,  and  this  is  probably  because  almost  all  the 
work  was  done  on  silicates  or  mechanical  mixtures  of 
silicate  materials  where  the  instrument  gives  the 
greatest  variations  in  results.  It  would  seem  that 
the  instrument  is  far  from  being  as  bad  as  it  is 
pictured  in  the  report  of  Selvig  (8).  bitterer  and 
Royer  ^ive  a  much  more  accurate  picture  of  the  useful¬ 
ness  of  the  instrument,  its  li  i tat  ions  and  the  determ¬ 
inations  for  which  it  is  best  suited . 

The  De  Oraaf  furnace  was  originally  designed  for 
ash  fusion  work.  The  A.S.T.M.  standard  ash  fusion 
furnace  is  the  one  -  hich  is  usually  used  for  this  work, 
because  it  gives  the  over-all  formation  temperature. 
This  point  corresponds  very  well  with  the  temperature 
of  formation  of  clinker..  The  De  Oraaf  will  not  gi^e 
the  exact  softening  point  obtained  in  the  ash  fusion 
furnace,  but  it  will  give  the  temperature  at  which  the 
first  particle  begins  to  fuse,  and  the  point  where  tne 


majority  of  the  particles  have  begun  to  fuse,  This 

lat  er  temperature  corresponds  fairly  closely  with 

the  softening  Point,  and  should  prove  just  as  useful. 

At  times,  in  obtaining  the  final  fusion  point  of 

a  coal  ash,  one  Particle  will  remain  solid  after  all 

the  resthav.e  fused.  Such  a  particle  must  be  disregarded 

the 

if  checks  are  to  be  obtained  with/De  G-raaf  furnace.  A 
particle  of  this  'size  would  not  affect  an  ash  fusion 

furnace  determination. 

The  De  hraaf  fusion  furnace  should  prove  useful  in 
coal  ash  work,  although  some  tests  would  have  to  be 
made  in  order  to  choose  melting  points  which  would 
correspond  with  those  obtained  in  ash  furnace  work. 

Each  operator  would  have  to  determine  these  himself, 
by  trial  and  error  method’s,  and  learn  to  recognize  the  • 
end  point  which  he  desires  to  get. 

The  instrument  is  not  fool-proof,  and  requires  more 
c  are-  on  the  part  of  the  operator  than  the  ash  fusion 
furnace,  to  get  check  results.  In  coal  ash  work  it 
would  probably  not  make  a  good  standard,  since  it  is 
difficult  to  define  the  end  points  required.  Referred 
to  a  standard  method,  as  the  ash  fusion  furnace,  howevey 

it  should  prove  very  useful. 
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On  sharp  melting  roint  mixtures  there  is  probably 
no  method  more  accurate.  For  pure  substances  and 
eutectic  mixtures  it  should  prove  very  useful.  It  should 
also  prove  useful  for  all  work  on  slays.  In  the  labor¬ 
atory  it  can  be  used  to  determine  the  temperature  at 
which  a  slay  must  be  held  to  enable  crystallization  to 
take  wlace. 

ihe  calibration  curve  has  been  made  in  a  different 
manner  than  that  given  in  reports  (2),  but  it  is  consid¬ 
ered  correct.  Only  one  wart  of  the  curve  shows  great 
variation,  and  the  reason  for  the  variation  has  not  been 
determined.  It  is  possibly  not  due  to  any  inaccuracies 
of  the  De  Qraaf  itself  and  the  curve  is  •nrobably  correct. 

Sufficient  examples  of  applications  of  the  ])e 
Oraaf  have  been  given  to  illustrate  its  usefulness  and 
check  the  calibration. 

To  the  person  who  has  to  use  the  instrument  for  the 
first  time,  the  pe  Oraaf  will  rresent  many  difficulties. 

IT o  better  reference  than  Fitterer  and  Royer's  report  (2) 
can  be  found  to  instruct  him  in  the  manipulation  of  the 
instrument ,  and.  to  give  conf  idence  in  the  results  which 
will  be  obtained. 


PART  II. 


CRYSTALLIZATION  IN  SILICATE  MELTS;  INTER¬ 
PRETATION  OR  CRYSTAL  STRUCTURE  DE¬ 
VELOPED,  AND  DETERI.1INAT  IQjT  OR 
MINERAL  ENTITIES  3Y 
POLISHED  SECTIONS  AND 


BY  THIN  SECTIONS 
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GITAPIER  I 

INTRODUCTORY  AND  PREVIOUS  TORE. 

Introduction. 

As  has  been  mentioned  in  the  introduction,  the 
work  of  the  following  pages  describes  the  preparation 
of  some  crystalline  slag  materials,  both  synthetic  and 
real,  for  study  by  microscopic  methods,  and  an  interpre¬ 
tation,  in  some  cases  rather  abbreviated,  of  th<=-  crystal 
Phases  which  were  obtained.  The  work  is  essentially  in¬ 
troductory  in  nature,  and  goes  little  farther  than  to 
point  out  a  direction  in  which  the  studies  of  these 
slags  may  take.  In  some  respects  it  is  new,  in  that  a 
study  of  Polished  sections,  etched  by- hydrochloric  and 
hydrofluoric  acid,  have  been  interpreted  in  the  light 
of  slag  composition.  In  some  instances  these  inter¬ 
pretations  have  been  supported  by  a  study  of  thin  sect¬ 
ions  of  the  slags  concerned. 

Previous  Work. 

Silicate  melts  have  been  studied  from  two  different 
points  of  view.  On  the  one  hand  they  have  been  used  by 
certain  investigators  to  aid  in  the  interpretation  of 

mineral  occurrences  in  igneous  rocks.  By  others  they 


' 


-57- 


have  been  employed  to  help  in  under  standing1  conditions 
met  with  in  industry,  especially  in  the  branches  of 
pyrometallurgy  and  ceramics. 

Geological  Approach . 

Beyschlag,  Vogt  and  Krusch  (15)  state  that  a  molten 
silicate  solution  is  to  be  regarded  in  general  as  a 
mutual  solution  of  a  series  of  components  chemically 
identical  with  those  minerals  which  crystallize  out  at 
solidification.  Even  the  components  which  form  mix 
crystals  are  to  be  regarded  as  independent  components 
in  the  magmatic  solution.  On  cooling  minerals,  either 
a  solid  solution  or  definite  compounds  may  form  with 
lowereing  of  temperature  down  to  the  eutectic  point. 

The  first  mineral  to  crystallize  out  will  be  the  one 
which  is  in  excess  of  the  proportions  required  for  a 
eutectic.  In  the  fluid  condition,  silicates  are  freely 
soluble  in  one  another.  Some  oxides  also  are  soluble 
in  the  molten  silicate  solution,  but  separate  out  on 
cooling:  i.e.  the  spinels. 

Bowen,  Schairer  and  Posn.jak  (16)  published  a 
paper  dealing  with  the  CaO .Feo . SiOg  system  which  is  of 
interest  to  lead  and  copper  metallurgists.  They  state 
that  the  slags  of  lead  and  copper  smelters  are  composed 
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essemtially  of  these  three  constituents,  and  by  means 
of  a  three  component  diagram  they  showed  that  it  is 
possible  to  derive  some  conception  of  the  properties 
of  the  slag  in  either  the  liquid  or  solid  state. 

As  a  practical  illustration  of  the  use  of  a  know¬ 
ledge  of  mineral  composition,  these  authors  discuss  the 
action  of  slag  on  silica  refractories. 

Metallurgical  Approach 

The  groups  of  minerals  occurring  in  the  metal¬ 
lurgical  slags  as  determined  by  various  workers,  may 
be  summarized  as, 

fl)  Olivines  --  Fayalite,  forsterite  monticellit e . 

(2)  Pyroxenes  —  Hedenbergite ,  diopside,  augite, 

calcium  orthosilicate , ( wollastonit e J 

(3)  Melilites  --  Gehlenite,  akermanite. 

(4)  Spinels  —  magnetite,  Gahnite 

(5)  Felspars  —  Anorthite. 

IjoLellen  (1")  dealing  with  the  petrographic  study 
of  lead  and  copper  furnace  slags  showed  that  the  in¬ 
vestigation  of  lead,  and  copper  furnace  slags  involves 
the  study  of  the  possible  compounds  resulting  from 
fusions  containing  SiO^,  AlgOr ,  GaO,  ZnO,  sulphur  and 
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the  oxides  and  ferrites  of  iron.  He  pointed  out  that 
while  slags  of  iron  metallurgy  may  he  considered  as 
"dry  melts",  lead  and  corner  slags  are  charged  with 
nascent  sulphur  and  the  oxides  of  sulphur  and  that 
these  may  he  considered  as  similar  to  the  superheated 
steam,  chlorine  and  other  mineralizers  of  igneous  rocks . 

McLellan  says  that  the  presence  of  this  nascent 
sulnhur  renders  the  iron  hearing  compounds  easily  fusihl 
since  they  are  almost  completely  reduced  to  the  ferrous 
condition.  His  method  of  study  of  slags  is:  (1)  to  ac¬ 
cumulate  all  available  information  on  the  components 
pertaining  to  the  slag;  (2)  to  determine  hy  analytical 
methods  the  mineral  constituents  existing  in  commercial 
slag;  (S)  after  the  above  studies  are  complete,  to  in¬ 
vestigate  hy  synthetic  methods  the  conditions  of  forma¬ 
tion  and  physical  properties  of  the  slag.  He  presents 
pictures  of  thin  sections  of  industrial  lead  and  copper 
slags,  which  are  in  his  own  words,  "designed  to  simplify 
the  course  to  be  followed  in  future  slag  studies  by 
synthetic  fusions." 

Qldright.  and  Miller  (18)  state  that  it  is  question¬ 
able  whether  what  has  been  learned  :crom  a  study  of 
frozen,  slowly  cooled  samples  can  he  applied  to  what 
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oocurs  in  a  molten  magnaa  or  solution,  They  show  that 
as 

taking /an  example  iron,  which  can  exist  in  either  the 
ferrous  or  ferric  state,  it  would  he  necessary  to  ob¬ 
tain  sections  from  the  toy  to  the  bottom  of  a  slowly 
cooled  sample  to  get  any  quantitative  idea  of  the  amount 
of  iron  in  the  ferric  state  in  the  original  melt. 

McCaffery’ s  ,,’ork. 

McCaffery  has  studied  the  mineral  entities  occurring 
in  Iron  Blast  furnace  slags.  He  and  his  co-workers 
{,  19,  SO)  give  a  method  by  means  of  which  the  informa¬ 
tion  obtained  by  a  knowledge  of  the  mineral  composition 
of  a  slag,  can  be  used  to  predict  and  correct  adverse 
conditions  in  the  Blast  Furnace.  They  were  concerned 
chiefly  with  the  four  component  system  CaO  .IlgO .  AlgOg .  SiOg 
and  make  use  of  the  equilateral  tetrahedron  to  determine 
the  minerals  which  will  crystallize  from  a  mixture  of 
these  oxides.  McCaffery’ s  tetrahedron  for  this  system 
is  reproduced  in  Figure  1.  The  front  left  corner" of  the 
tetrahedron  represents  10 Op  silica, the  front  right  1001  > 
alumina,  and  the  top  100^  magnesia.  The  principal  com¬ 
pounds  or  mineral  entities  are  named,  and  three  of  tne 
internal  t etrahedra  are  outlined  by  shaded  planes, 
particular  tetrahedron,  diopside,  akermanite,  calcium 
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bisilicate  and  anorthite  encloses  the  composition  of  the 
synthetic  slays  discussed  later. 

Such  a  diagram  shows  that  there  are  ranges  of 
chemical  composition  where  a  snail  change  in  quantity 
of  a  comnonent  produces  a  great  change  in  the  mineral 
types.  According  to  McCaffery,  this  explains  why  one 
day  a  furnace  may  he  working  well,  and  the  next  day  oe 
off  no  matter  what  other  derating  conditions  are  changed 

in  an  effort  to  correct  it. 

McCaffery  (20}  preparing  synthetic  slags  for  vis¬ 
cosity  determinations,  used  raineralogical  instead  of 
chemical  compositions  as  a  oasis  for  his  slag  mixtures, 
fhe  mineral  compounds  were  made  iron  oure  oxides  oi 
lime,  magnesia ,  alumina  and  silica.  ...ter  t.  -ch  1  - ■-*-  ij 
the  slag  was  ground ,  sampled  and  analysed  to  determine 
the  percentage  of  each  constituent  oxide.  'Ls.o.n  go 
was  fused  and  .analyzed  and  additional  ingredients  added 
until  a  homogeneous  mixture  was  obtained..  The  linal 
analysis  of  his  melts  corresponded  with  the 
composition  of  the  minerals  as  shown  in  Table  1. 

To  make  a  slag  of  any  desired  mineralogioal-  comp¬ 
osition,  McCaffery  had  only  to  weigh  out  the  required 
Portion  of  each  mineral  prepared  as  above,  to  mix  these 
and  heat  them  until  fusion  was  complete. 


Chemical  and  Hineralogical  Composition  of 
Synthetic  Mixtures  (after  McCaxfery). 


Mineral  Chemical  Formula  CaOsLIgO^  iAlgOgpSiO^ 


Akermanite  EcaO.IIgO.ESiOg  41.1414.79  44.03 

Anorthite  CaO.AlgO,., . ESiOg  20.16j  36.65  143.19 

Calcium  'bisilicate  CaO.SiOg  48.18  51.72 

fiouside  CaO.lIgO .  IlSiOg  25.9018.62  55.48 

 .  .  --  .    .  ...  . . .  ..   . . .  . . .  I 
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t:ii:  slags 


Synthetic  Slags, 

The  group  of  minerals  given  in  Table  I  formed  the 
basis  for  the  manufacture  of  the  synthetic  slags  dealt 
with  in  this  chanter.  The  materials  however,  were  nro- 
nortioned  according  to  the  oxide  component s ,  and  not 
according  to  the  mineralogical  components,  but  neverthe¬ 
less  some  of  the  resulting  crystalline  entities  developed 
have  been  shown  to  coincide  with  those  given  in  the  table. 

Two  synthetic  slag  melts  were  prepared,  of  composition 
shown  in  Table  2. 


Table  2. 

Composition  of  Synthetic  Slags 


Composition 

Slag  A 

Slag  B 

Chemical 

% 

% 

CaO 

33.87 

31 , 21 

MgO 

8,35 

11.78 

AloOg 

9.16 

6.11  i 

Si°2 

Mineralogical 

48,62 

50.90 

Ahermani t e 

25 

16.66 

Anorthit e 

25 

16.66 

Aollastonite 

25 

16.66 

Dion side 

25 

60.00 
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The  mineralogical  composition  given  in  the  table 
are  based  on  the  work  of  LfcGaff  ery  (19,  20). 

Slag  . 

A  Known  weight  of  the  mixture  of  the  chemical 
entities  was  fused  in  a  small  nickel  crucible  in  the  ash 
fusion  furnace  illustrated  in  Figure  2,  part  1.  he 
melting  noint  of  the  mixture  was  known  from  .  cGaff ery 1 s 
work  to  lie  below  2S70°F.  fhe  furnace  was  therefore 
heated  to  2550°F.  or  approximately  200l;F.  above  the 
melting  point  to  ensure  complete  xusiuij  oj  the  melb. 


mhe  temperature  was  the-!  drooped  rapidly  to  230;'  '7, 
within  the  temperature  range  2250°-2300®F.  lor  three 
hours,  and  between  1950°-2250°f .  for  five  hours, 
then  allowed  to  cool  with  the  furnace  from  19 nC 

f he  resulting  slag  was  found  to  be  a  ooarsely 
cry s tal l ine  nas a  ( F igur e  s } . 


held 


A  cress  section  of  the  mass  showed  evidences  of 
segregation  (Figure  3)  by  the  differentiation  of  the 
liquid  during  cooling  or  differences  in  degree  oi 
crystallization  due  to  more  rapid  cooling  at  the  top  oi 


the  mel t . 

Ihe  crucible  showed  appreciable  corrosion 
of  the  fused  mass  showed  4.5,.  nickel. 


analysis 


Slag  3  . 


A  known  weight  of  the  mixture  of  the  chemical 
entities  was  fused  in  a  graphite  lined  fire-clay  cru¬ 
cible,  The  graphite  lining  was  prepared  by  mixing 
100  mesh  ground  electrode  carbon  with  10%  dextrin  solu¬ 
tion  as  a  binder,  and  coating  the  inside  of  the  fire 
clay'  crucible  with  about  a  layer  of  this  mixture. 

The  crucible  and  its  lining  was  subsequently  dried  at 

EbO^f. 

The  melting  point  of  the  slag  mixture  was  known 
from  McGaffery  to  be  approximately  2200°F.  fhe  melt 
therefore  was  subjected  to  a  temperature  above  2200^-f. 
for  one  hour,  the  maximum  temperature  reached  being 
2420°F.  The  temperature  was  then  lowered  relatively 
ouickly  to  reach  a  temperature  of  1950°F.  in  one  h  ur 
from  which  temperature  the  mass  was  Allowed  n  cool 
with  the  furnace. 

;.e  resulting  slug  was  found  to  be  very  crystalline, 
Particles  of  lime  remained  unfused  in  the  mass,  indicat¬ 
ing  that  time  had  not  been  allowed  lor  complete  liqui- 
faction  of  the  original  powdered  mixture. 

The  graphite  lining  of  the  crucible  was  found  to 
have  partially  burned  awa;  ,  but  sufficient  remained  to 
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protect  the  si  a  from  contamination  by  the  crucible,  and 
the  crucible  was  in  such  good  condition  that  a  second 

iielt  could  be  made  in  it, 

Metallurgical  Slugs., 

Samples  of  three  slags  were  obtained  from  the  frail 
Smelter  of  the  Consolidated  lining  and  Smelting  Company 

of  Canada, 
fable  5. 


Table  S. 


Composition  of  Metallurgical 
Slags  from  the  Trail  .Smelter. 


' - - - - - 

Chemical 
Compos! t ion 

— 

Slag  C 

y 

Slag  0 

§ 

1 3-lag  L 
, 

Te 

6,0 

26.0 

55.4 

Zn 

15.0 

t-  « 

Mn 

15.0 

CaO 

2.0 

10.4 

11.9! 

Si°2 

!  60.0 

19 .4 

28.4 

AISO, 

6.0 

n .  d  L 

- 

—  Llectric  Steel  furnace  Slag,  analysis  by 
0  .  M .  &  -3.  Co. 

—  Lead  blast  furnace  Slag,  analysis  by  the 
author . 

--  Zinc  fuming  furnace  Slag  (21),  analysis 
by  C.M.  &  S.  Co. 

ITo  attempt  has  been  made  to  esti  late  the  mineralog¬ 
ies!  composition  from  the  chemical  composition,  but  tne 


Slag  C 
Slag  I) 
Slag  L 


- 


work  of  MoLellan  and  of  .Oldright  and  Miller  indicate  the. 
presence  of  magnetite  and  other  spinels'  in  slags  9  and  E. 

As  received,  slag  G  was  glassy  in  nature,  am  gave 
nd  indications  of  the  presence  of  crystalline  mineral 
entities.  This  was  to  he  expected  from  the  high  silica 
content  and  the  relatively  rapid  cooling  from  the  high 
temperature  to  which  it  had  "been  subjected  in  the  elec¬ 
tric  furnace ,  Slags  D  and  E  were  dark  colored,  stony, 
and  showed  some  incident  crystallization. 

Attempts  were  made  to  crystallise  these  slags  in  a 
manner  similar  to  that  outlined  under  synthetic  slags , 
using  the  graphite  lined  crucible  in  all  eases.  They 
we re  much  more  difficult  to  crystallize,  and  only  after 
several  trials  was  it  possible  to  obtain  crystals  of 
any  size. 

blag  G . 

fhe  Electric;  Steel  furnace  slag  was  heated  to  2200°  d 
and  brought  down  fairly  quickly  to  a  temperature  of 

2065°f.  The  crucible  containing  the  slag  was  then 
transferred  to  a  muffle  furnace  at  a  temperature  of 
2065°f.  and  cooled  gradually  to  1775°T. ,  over  a  period 
of  5b  hours. 

The  resulting  slag  was  a  brown  stony  mass  with 
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numerous  gas  cavities,  There  was  no  macroscopic  appear¬ 
ance  of  erystalization,  "but  its  crystalline  character 
was  clearly  observable  in  polished  sections. 


Slay  D 

mhe  x.ead  Blast  furnace  slag  was  crystallized  in  the 
graphite  lined  crucible  in  a  gas-fired  muffle  furnace. 
•Temperatures ,  observed  -by  a  chromel-alumel  thermocouple 
and  potentiometer  indicator  were  held  between  2000J-S060°  . 
for  two  hours,  and  then  decreased  to  1775°  over  a  period 
of  five  hours. 


The  resulting  slag  was  a  dark  porous  stony  s3.ag, 
nuite  crystalline  in  appearance,  although  not  as  coarsely 

crystalline  as  the  synthetic  slags. 


31a? 


The  Trail  Fuming  Furnace  slag  was  heated  in  1  he  ash 

fusion  furnace  to  a  temperature  of  ■  i- ' ' r-  ( 

over  a  period  of  three  hours  to  2250°f.  when  the  furnace 
was  shut  off.  The  resulting  slag  was  largely  a  glass 
but  contained  some  minute  crystals  indicating  that  the 
first  crystals  had  begun  to  separate  at  about  2E50°F . 
Surrounding  the  slag  button,  in  a  thin  sheet  between  it 
and  the  graphite  lining  was  a  layer  of  metal  which  when 


■ 


l 
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neeled  off,  weighed  13  grama.  The  strong  reducing 
atmosphere  of  the  furnace  had  resulted  in  some  of  the 
metallic  oxides  in  the  slaw  being  reduced  to  free  metal. 

Two  more  furnace  runs  oh  the  same  slag  mixture  at 
progressively  decreasing  temperatures.,  were  necessary 
before  a  crystalline  slag  was  obtained.  In  each  case  a 
layer  of  metal  was  reduced  from  the  slag,  and  the  melting 
point  of  the  slag  reduced  by  the  loss  of  this  component 
from  the  slag. 

Analysis  of  the  reduced  metal  showed  it  to  be  essen¬ 
tially  metallic  iron  with  min^r  amounts  of  copper,  zinc 
and  lead.  The  weight  of  metal  produced  closely  approxi¬ 
mated  the  total  weight  of  iron  in  the  original  slag.  The 
remaining  material  showed  a  fairly  crystalline  slag,  but 
it  had  no  longer,  the  composition  of  the  burning  Furnace 
slag. 

Fragments  of  the  crystalline  masses  were  mounted  for 
microscopic  study  by  both  reflected  and  transmitted  light. 
The  results  of  these  examinations  are  given  later, 
clearly  show  that  the  methods  adopted  have  in  the  case 
of  all  the  slags  studied  developed  a  definite  crystalli) 
character  with  the  mass.  It  is  important  to  notice  that 
as  complete  crystallization  developed  in  synthetic  slag 
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with  a  relatively  short  -neriod  at  the  crystallizing 
temperature  as  in  slag  A  under  prolonged  cooling.  On 
the  basis  of  this  result  it  was  assumed  that  a  cooling 
rate  intermediate  between  those  of  A  and  B  would  nrove 
satisfactory  for  most  industrial  slags.  Results  on  the 
metallurgical  slags  in  part  confirm  this,  although  poss¬ 
ibly  a  more  comnlete  crystallization  could  have  been  ob¬ 
tained  by  a  somewhat  slower  cooling. 
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CHAPTER  III 

MINERAL  CONSTITUENTS  ON  THE  3 LA C3 

Introduction 

Mineral  determination  by  microchemical  tests  on 
polished  sections  is  an  accented  method  for  opaque  min¬ 
erals  but  the  method  has  not  been  applied  to  the  rock 
forming  minerals  as  far  as  the  writer  is  aware.  It 
seemed  possible  that  a  similar  method  might  be  annlied 
to  the  rock  forming  minerals  also,  and  attempts  have 
been  made  to  determine  the  mineral  sreci.es  present  in 
some  of  the  slags  by  this  method. 

The  processes  of  mineral  crystallization  from  the 
molten  slag  must  follow  the  normal  principles  of  solid¬ 
ification.  In  any  mixture  of  four  (or  more)  comnonents 
the  crystal  entities  forming  on  solidification  must  do 
so  either  in  sequence  or  contemporaneously .  Crystalliz¬ 
ation  of  a  mixture  will  normally  take  place  over  a  temp¬ 
erature  range  and  in  a  definite  sequence  depending  upon 
the  relative  amounts  of  crystal  forming  constituents 
present.  Contemporaneous  crystallization  will  only 
occur  if  the  constituents  are  present  in  just  the  right 
proportions!  to  give  the  eutectic  concentrat ions .  Other- 
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wis©  on©  suostance  will  come  out;  of  solution  and  thus 
enrich  the  remaining  liquid  towards  the  concentration 
of  the  first  eutectic*  one  or  more  eutectics  will 
form  as  the  concentrations  of  the  liquid  change  with 
crystallization  of  the  pro  eutectic  substances* 

The  first  mineral  for  crystal )  entity  crystallizing 
out  of  a  slag  melt  will  be  freely  suspended  in  the  liquid 
mass.  If  it  is  a  relatively  infusible  substance  it  should 
readily  assume  its  normal  crystal  habit  developing  as 
idiomorphic  crystals.  If  the  crystalline  substance  is 
lighter  or  heavier  than  the  Parent  liquid  some  segrega¬ 
tion  may  be  expected  Particularly  if  the  mass  is  held 

. 

at  a  suitable  temperature  for  some  period  of  time  to 
allow  the  force  of  gravity  to  act. 

Si nultaneous  crystallization  of  two  components  may 
occur  in  two  ways,  fa)  as  mix-crystals  or  solid  solutions 
and  fb)  as  an  eutectic.  The  eutectic  may  be  formed  of 

the  Primary  constituents  or  of  solid  solutions  of  these 

. 

in  one  another.  In  either  case  if  the  temperature  of 
formation  is  high  relative  to  the  most  fusible  mixture 
of  the  components  of  the  melt,  the  tendency  should  be 
for  the  two  components  so  crystallizing  to  form  more  or 
less  idiomorphic  crj^stals  and  the  characteristic  intimate 
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crystallization  of  an- eutectic  may  not  be  very  obvious. 

At  this  stage  in  the  solidification  the  mass  will  con¬ 
sist  of  idiomorphic  crystals  of  the  first  component  to 
crystallize  suspended  or  floating  in  a  mushy  mass  com¬ 
posed  of  residual  liquid  and  small,  possibly  idiomorphic 
crystals  of  two  components,  one  those  of  primary  con¬ 
stituents  and  the  other  of  the  constituent  of  next  high¬ 
er  melting  (or  freezing)  point. 

Further  cooling  should  result  in  the  crystallization 
of  the  remaining  liquid  to  a  eutectic  either  with  or 
without  crystallization  of  other  pro-eutectic  substances. 
Again  these  eutectics  may  be  composed  of  principal  con¬ 
stituents  only  or  may  be  solid  solutions  of  these  cons¬ 
tituents  one  in  the  other. 

Any  solid  solutions  formed  during  the  -processes  of 
solidification  may  or  may  not  break  down  on  subsequent 
cooling  below  the  solidus  with  the  formation  of  new 
crystal  entities  within  the  parent  solid  mass.  Obvious¬ 
ly,  slow  cooling  below  the  solidus  should  promote  and 
rapid  cooling  retard  this  break  down. 

It  must  also  be  borne  in  mind  that  at  any  stage  in 
the  solidification  conditions  may  be  right  for  reaction 
between  some  of  the  previously  crystallized  solids  and 
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the  linuid  in  conatact  with  them  with  the  development 
of  new  solids  by  reaction  (peritectic  reactions).  Ihese 
may  form  complete  new  substances,  solid  solutions  or 
chemical  compounds,  more  or  less  ps endomorphic  after  the 
original  solid,  or  develop  a  reaction  ring  around  the 
rre-existing  crystals. 

Structures  to  be  expected  in  polished  sections  can 
be  summarized  as  follows, - 

1.  More  or  less  idiomorphic  crystals  of  the  first 
component . 

2.  Mixtures  of  idiomorphic  or  hypidiomorphic 
crystals  of  two  (or  more)  components  character¬ 
ized  by  a  more  or  less  uniform  grain  size. 

3.  Eutectic  mixtures  showing  the  typical  granular, 
fibrous  or  platey  structures. 

4.  Idiomoruhic  or  hyp-idiomorphic  crystals  pseudo- 
morphs  after  a  ^re-existing  crystal. 

5.  Idiomorphic  or  hypidiomorphic  crystals  with 
distinct  reaction  rim. 

6.  Idiomorphic,  hyp-idiomorphic  of  allotriomorphic 
crystal  outlines  showing  secondary  structures 
developed  due  to  the  break  down  of  original  sol 
id  solutions. 

Relief  polishing  or  suitable  etching  should  outline 
these  structures  readily  but  the  determination  of  the 
particular  crystal  entities  forming  the  structures  would 

have  to  be  determined  by  distinctive  physical  nroperties 

or 

and  /more  or  less  specific  microcherciical  reactions. 


* 
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Confirmation  of  the  determinations  in  the  case  of  mineral 
entities  might  he  made  by  thin  section  petrographic 

studies . 

Specific  properties  which  may  reasonably  he  expected 
to  differentiate  mineral  speql.es  in  polished  sections 


as 

f  allows , - 

1. 

Crystal  habit  and  interior  structures  such  as 

cleavage,  etc. 

2 . 

Color. 

5 . 

Hardness . 

4. 

fusibility  (Melting  Point  or 

Fusion  Point ) . 

5. 

Density  or  specific  gravity. 

* 

6 . 

Solubility  in  reagents  (etch 

effects ) . 

Representative  pieces  of  the  slags  crystallized  as 
outlined  in  Chapter  IT  were  selected  for  microscopic 
examination  and  possible  mineral  determination  both  b: 
polished  section  and  thin  section  methods.  A  complete 
determination  was  found  to  be  impossible  largely  due  to 
difficulties  in  making  satisfactory  thin  sections.  The 
solid  slags  were  brittle  and  the  crystals  or  fragments 
of  them  tore  out  of  the  matrix  before  the  mineral  section 
was  suff iciently  thin  to  permit  good  retro graphic  determ¬ 
inations.  Polished  sections  prepared  by  first 
impregnating  the  specimen  with  bakelite  varnish  and  then 
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mounting  in  bakelite  have  proved  more  satisfactory. 
Polished  and  suitably  etched  these  sections  have  re¬ 
vealed  practically  all  the  structure  types  enumerated 
above.  Selective  etching  has  indicated  the  probable 
minerals  present  in  some  cases  and  in  most  cases  these 
have  been  confirmed  by  thin  section  petrographic  ex¬ 
amination. 

Slag  "A" 

As  previously  described  this  synthetic  slag  was 
prepared  from  materials  which,  according  to  McCaff ery  (20) 
were  in  -proportions  to  develop  the  four  mineral  entities 
wollastonite  (or  pseudo-wollastonite  ) ,  akerrnanite ,  anor- 
thite  and  diops ide.  It  could  be  expected  that  some,  if 
not  all,  of  these  minerals  would  be  developed  in  the 
slag. 

Physical  properties  of  these  minerals  which  should 
aid  in  determinations  by  micro-chemical  tests  on  pol¬ 
ished  sections  are  shown  in  Table  17. 

Hacro struct ure  -of  a  vertical  cross  section  ■ -j-  tne 
melt  of  slag  "A”  has  been  shown  in  Figure  5  (SlC).  There 
is  distinct  evidence  of  segregation.  Larwe  lath  shaped 
or  prismatic  crystals  embedded,  in  s  structureless 
groundmass  occur  at  the  top  o.l  tne  section,  1  r,-'L_e 


■ 


. 
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granular  mass  with,  perhaps,  occasional  lath  shaded. 

crystals  forms  the  bottom  rortion. 

* 

Table  17, 

physical  properties  of  preseurned  mineral  components 

of  Slag  "am * 


Mineral 

Properties 

.Toll  a  s  t  on  i  t  <=>Ak  e  rman  i  t  e.  ..no  r  t  hi  t  e 
(Melilite ) 

Diopside 

Crystal  form 

mono  clinic 

!  tetragonal 

t  r i c 1 ini cmo no  clinic 

Cleavage 

pinacoidal 

basal 

basal  & 
ninacoid 

nrismat ic 

Hardness 

4,5  -5.0 

5  ,0 

6.0  -  6,5 

5. 0-6.0 

Fusibility 

4 

5 

4.5 

4 

Spec.  Orav. 

2,8  -  2.9 

2.9  -5.1 

2.7 

rz  O  ry 

O  o  w  ""  kJ  %  k) 

Sol.  in  HC1 

readily 

- - - - - -  - - - 

soluble 

difficult 

Insol . 

The  large  lath  shaped  crystals,  etched  with  51 
solution  of  hydrochloric  acid  are  shown  in  figure  4  at 
100  diameters.  Two  types  of  mineral  substances  are  in¬ 
dicated.  Crystals  (1)  are  more  holocrystalline ,  shoi 


greater  relief  and  are  less  marked  by  the  polishing 
scratches  than  crystals  (2).  They  are  also  somev/nat  less 
darkened  by  the  etching  reagent.  Jhey  are  mus  .le«s 
fusible,  less  soluble  in  HOI  and  harder  than  crystals  (2 ) 
Both  show  internal  structures . with  a  marked  parallelism 
to  the. lath.  Elsewhere  in  the  section 
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crystals  in  many  respects  similar  to  type  (1)  show  'hie 
internal  structures  shown  in  Figure  1.  This  is  in¬ 
definitely  the  so-called  ’’peg’1  structure,  typical  of  the 
melilites  and  would  indicate  that  crystal  type  (1)  at 
least  is  of  the  melilite  group  and  hence  akerms nit. e . 

Differences  in  the  crystal  tynes  (1)  and  (2)  have 
been  outlined.  On  the  other  hand  there  are  many  points 
of  similarily.  Scattered  throughout  the  slag  mass  are 
crystal  aggregates  of  the  same  ”H”  type,  some  of  crystal 
type  (1)  and  others  of  tyre  (2).  Etched  wit..  IF  the 
different  characteristics  to  some  extent  disappear  as 
shown  in  figure  (6).  Doth  types  are  attached  with  t.u is 
reagent  and  the  only  apparent  difference  is  a  more  pro¬ 
nounced  parallel  banding  in  type  ( 1 ) •  It  may  be 
dissimilarities  exhibited  in  igure  4  have  been  caused  o 
sectioning  line  crystals  in  different  crystallographic 
directions  and  the  polished  section  is  thus  made  to  suggest 
t wo  d iff erent  miner a 1  entities. 

E.  thin  section,  under  crossed  nicols  and  at  100 
diameters  is  shown  in  'i-yure  7.  only  one  type  of  crystal 
is  observable.  This  was  found  to  be  uniaxial  and  positive 
and  may  be  determined  as  either  pseudo-wollastonite  (a 
form  of  wollastor it e  stable  above  1190°0 )  or  axermanite. 


-79- 


faken  in  conjunction  with  the  ’’peg”  structures  indicated 
in  figure  5  it  may  he  assumed  that  these  large  Lath 
shaped  crystals  are  crystals  of  akermanite.  It  should 
he  pointed  out,  however,  that  in  slag  ”1”  an  increase 
in  the  proportions  of  LIgO  in  the  slag  forming  constit¬ 
uents  of  the  melt  was  found  to  decrease  the  amount  of  this 
mineral  although  akermanite  is  tne  magnesia  u  Ceiling 
mineral,  of  these  two . 

fhe  granular  mass  occurring  at  the  center  of  the 
melt  as  shown  in  Figure  h,  shows  two  tyres  of  s  nuc  i.uue 
as  indicated  in  Figures  7  arid  9,  Figure  7  shows  an 
HOI  etched  polished  section  of  this  portion  oi  the  melt 
at  100  diameters.  Small  idio-morphic  crystals,  prismatic 
in  shape  and  frequently  rectangular,  are  imbedded  in  a 
structureless  groundmass.  ^orne  of  tne  crystal  sections 
are  definitely  cubic  in  outline;  others  have  a  short 
rU  itte  f oi  -  with  thiol:  dark  boundaries,  The  latter 
fTT-ne  is  relatively  hard  so  that  it  stands  out  prominently 
while  the  former  is  softer,  showing  the  Polishing  scratches 
and  is  somewhat  more  deeply  attached  or  colored  b:  tne 
etching  reagent.  'Phe  short,  prismatic,  hard  crystals  j 

resemble  diopside  while  the  others  have  many 
characteristics  of  the  large  prismatic  crystals  shown  in 
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figure  s  4  and  5.  '2 hat  they  are  prohahl;  aker  anite  is 

confirmed  by  the  cubic  cross  sections,  tynicul  of  a 
basal  section  of  a  tetragonal  crystal  -and  akermanite 
is  the  only  tetragonal  crystal  likel" '  to  be  present  in 
the  mixture.  The  section  probably  represents  the  sim¬ 
ultaneous  crystallization  oi  a^ermani  ■> e  and  di-opsin e 
with  the  structureless  gro undmas s  a  chilled  solution  of 
the  remaining  portions  of  the  melt .  The  groundmass  may 
be  a  fine  grained  quarternary  eutectic  with  the  structure 


not  brought  out  by  the  etch  attack. 

A  thin  section  of  this  portion  of  the  melt,  is 
shown ,  at  100  magnificat  ions ,  in  Figure  8.  The  isotropic 


groundmass  suggests  a  chilled  glass.  To  distinct  con¬ 
vergent  polarized  figure  could  be.  obtained  on  the  small 
crystals  although  most  of  them  were  distinctly  uniaxial. 

A  few  were  biaxial.  The  rectangular  prisms  suggest 
oblique  sections  of  a  tetrahedral  crystal  and  thus  aker- 
rnanite  is  again  indicated. 

At  a  somewhat  r eater  depth  in  the  melt,  the  struct¬ 
ure  shown  in  Figure  9  was  obtained.  Stubby,  'loismatic 
crystals  apparently  hard  and  relatively  brittle,  with 
numerous  irregular  black  check  cracks  are  imbedded  in 

eu.t ect if erous  background . 


a  f i n e  g rain e d  d i st inct lv 


* 
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The  eutectic  is  fibrous  in  structure  and  carries  a  dis¬ 
tinctly  greater  proportion  of  one  component  than  of  the 
other  or  others.  This  component ,  the  white  substance,  is 
in  many  ways  si  lilar  to  the  structureless  groundmass  of 
Figure  7  and  being  a  component  of  a  eutectic,  cannot  be 
a  glass.  It  may  be  a  solid  solution.  This  structure  was 
not  obtained  in  the  thin  section  of  this  nortion ' of  the 
melt  and  no  petrographic  determination  of  the  mineral 
constituents  could  be  made.  The  general  appearance  in 
the  nolished  section  is  strongly  suggestive  of  crystals 
of  diorside  and  akermanite  in  a  mult  role  comoonent  eutec¬ 
tic  groundmass. 


The  structures  shown  in  Figure  -10  were  relatively 
abundant  in  the  lower  portions  of  the  melt,  figure  10 
shows  an  orderly  arrangement  oi  two  components  in  i'U.callel 


bands,  presumably  developed  on  the  same  structural  skele¬ 
ton,  a  columnar  crystal  or  dendrite.  The  miner  bands 
stand  out  in  relief  and  are  characterized  by  numerous 
irregularly  spaced  black  cross  bands.  Occasional  minute 
granular  particles  within  the  broader  bands  suggest  he 
«peg«  structure  and  the  general  appearance  of  these  por¬ 
tions  of  the  structure  resembles  the  large  crystals  of 
■tficure  4.  The  alternating  narrow  bands  are  structureless 
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and  practically  free  from  the  Hack:  cross  handing, 
suggestive  of  the  white  component  of  the  eutectic  shown 


in  pigure  9 . 

'  figure  11  represents  a  thin  section,  under  crossed 
nicols  and  at  100  magnifications,  of  a  similar  though 
not  identical  structure.  Parallel  extinction  in  the 
alternate  bands  suggests  a  continuity  of  crystal  growth, 
ro  determination  could  he  made  of  the  mineral  components 


nresent . 


Slag  B. 


r|?he  mineral  composition  of  slag  3  is  50$  di  -aside, 
with  the  remaining  minerals  akermanite ,  wollastonite  and 
anorthite,  nresent  in  equal  proportions.  Polished  sections 
of  this  slag  are  given  in  figures  10  and  14.  They  show 
chiefly  pro-eutectic  crystals  of  a  shape  much  like  the 
lath-shaped  crystals  of  slag  A» 

mass.  A  petrographic  determination  of  a  fragment  of  one 
of  these  crystals  showed  it  to  he  uniaxial  and  -oositive 
so  that  it  is  nossihly  akermanite  or  pseudo-nolla-t  ,iite. 

TT  (  r  f  the  co  it  ion  of  the  gr  g 


was  possible. 

■ 
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3lag  Q. 

i\.s  has  already  "been  mentioned,  the  Electric  Steel 
furnace  slag  as  received  was  a  glass  without  any  indica¬ 
tions  of  crystallization.  After  crystallization  treat¬ 


ment,  a  polished  section  of  the  slag  unetched  arrears  as 

in  figure  15. 

Two  types  of  crystals  appear  in  the  figure;  one 
smaller  and  irregular  in  outline  fl),  the  other  faintly 
in  the  backgroi  i  larger  idiomotrphic  crystals  (2) 

with  an  apparent  monoclinic  or  triclinic  habit.  hf 
first  crystals  cut  across  the  second  in  an  irregular  man- 
ner,  and  undoubtedly  formed  almost  completely  before  the 
second  crystals  began  to  appear.  Fo  etch  effects  were 
attempted  in  this  specimen  to  bring  out  the  nature  of 


the  second  group  of  crystals. 

Thin  sections  of  this  Slav  gave  an  entirely  differ 

ent  structure.  The  crystals  (1)  in  Figure  14  appeared 


much  the  same  and  were  easily  determined  as  of  the  olivine 
group,  probably  Tephroite  (MhgSiO^.  The  only  other 
constituent  seen  in  thin  sections  was  a  group  of  crysta¬ 
llites,  whose  composition  could  not  be  determined. 

The  bright  oval  snots  scattered  throughout  Figure  15 

are  due  to  metal  which  remained  in  the  slag,  and  could 


— 


Ill' 


4 


■ 
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■bf1  seen  in  the  specimen  as  received.  'he  groundraass  in 
this  slag  is  probably  a  glass. 

Slag’  i 

This  slag  and  the  next  to  be  discussed ,  f  Slag  E; ) 
are  products  of  the  Lead  Smelter  at  Trail,  B.C.,  and 
hence  have  certain  characteristics  in  common.  Figure  16 
shows  a  Polished  section,  unetched,  of  slag  D  as  received. 
Only  one  type  of  crystal  appears,  which  according  to 
McLellan  (4)  and  Oldright  and  Miller  (5)  should  be  a  spinel. 
The  groundmass  is  non-crystalline.  There  are  indications 
of  the  growth  of  a  second  tyre  of  crystal,  but  these  ap¬ 
pear  chiefly  as  small  crystallites  branching  off  a  central 
snine.  pits  show  the  mass  was  somewhat  porous.  Some 
globules  of  metal  also  appear  in  the  polished  section. 

•  After  holding  the  slag  at  a  temperature  close  to  its 
melting  point  for  some  time,  it  was  found  the  crystalline 
phase  had  not  been  appreciably  increased  (Figure  17). 

More  metal  had  be< n  reduced  and  possibly  more  spinels  had 
developed,  but  these  were  smaller  and  more  widely  dis¬ 
tributed  throughout  the  mass  of  the  solid. 

Spinels  are  held  in  a  slag  in  solution.  On  cooling 
the  slag  the  solubility  for  spinels  decreases  and  they 
crystallize  out.  In  Figures  16  and  17  spinels  which  have 
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separated  out  from  the  slag  in  this  manner,  show  an 
internal  structure  indicating  a  subsequent  breakdown  of 
a  previously  formed  solid  solution. 

Slag  E 

Slag  E  is  closely  related  to  slag  D,  and  the  nolish- 
©d  section  of  the  slag  as  received  (Figure  10 )  arrears 
very  much  like  Figure  16.  Exactly  the  same  constituents 
tare  shewn  in  both  figures.  is  to  be  expected,  for 

e^cert  for  the  zinc  oxide  and  lead  oxide  which  have  been 
removed  (21)  in  slag  E»  its  composition  is  the  same  as 
slag  D.  Zinc  oxide  occurs  in  slags  largely  in  solution, 
and  as  such  will  not  affect  the  first  crystals  to  form 
in  slag  E. 

In  the  treatment  of  this  slag  to  promote  crystalliz¬ 
ation,  much  of  the  iron  was  reduced,  leaving  the  slag 
fairly  clear  and  glassy,  and  this  slag  had  to  be  subject¬ 
ed  to  further  treatment  to  promote  crystallization.  The 
resultant  crystalline  slag  shown  in  Figure  19,  is  'thus 
not  comparable  with  that  shown  in  Figure  18.  Figure  19 
indicates  that  one  type  of  crystal  has  formed  in  the  slag, 
in  small  quantities,  and  the  remainder  has  crystallized  as 
a'  eutectic.  A  .thin  section  of  this  slag  showed  chiefly 
a  eutectic,  with  the  crystal  nhase  present  but  only  in 
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minute  parallelograms  which  could  not  be  determined. 
They  are  probably  olivines,  the  minerals  most  likely  to 
crystallize  out  under  these  conditions. 
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CHAPTER  IV . 

CONCLUSIONS. 

A  method  of  crystallization  treatment  for  the  Pro¬ 
duction  of  crystal  structures  in  slags  has  been  indicated 
and  some  of  the  crystal  structures  which  may  he  expected 
from  such  a  treatment  have  been  shown. 

It  has  been  found  possible  to  develop  crystalliza¬ 
tion  in  synthetic  and  metallurgical  slags,  including 
siliceous  high  temperature  slags  of  the  Electric  Steel 
Furnace,  crystals  so  Produced  are  clearly  observable  in 
polished  sections  after  treatment  with  suitable  etching 
reagents.  Crystal  structure  so  developed  appears  char¬ 
acteristic,  and  is  in  many  ways  similar  to  that  seen  in 
petrographic  studies. 

Determination  of  the  minerals  formed,  on  a  basis  of 
polished  sections  alone,  has  not  been  proved,  largely 
through  lack  of  technique  in  making  thin  sections  of  the 
slag  to  confirm  the  deductions  made  on  the  polished 
sections,  but  it  would  appear  that  crystal  haoit,  internal 
structure,  hardness,  and  etch  effects  can  be  used  to  make 
fairly  definite  mineral  determinations  in  polished 
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Figure  1. 

.TcCaffery's  Tetrahedron  for  Line,  Alumina, 
1  'agues ia  and  Silica  showing  three  of 
the  internal  tetrahedra. 


Figure  5. 


Vertical  cross  section  s  ,  ,g  ma" 
Itched  ??ith  5i(1  Hal.  a  1C  r6 


Figure  4. 

Polished  Section  of  ton  por¬ 
tion  of  melt  of  slag  ”Am 
HG1  etch.  lag.  100  X. 


Figure  5. 


Polished  section  of  top  portion  of  melt  of  slag 
showing  "peg'1  structure  in  lath-shaped  crystals. 
HOI  etch.  Mag.  100 


figure  6 

3ane  area  an  figure  4. 
HP  etch.  Mag*  100  x 


Figure  7. 

i’hin  section  of  to  portion 
of  melt  of  si  ag  "A” 
Crossed  nicols.  lag.  .100 
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Figure  8 


Central  portion  of  melt  of  slag 
Polished  section. 

HC1  etch.  Mag.  100 


n  ft 


Figure  9 

Thin  section  of  central  portion 
of  melt  of  slag  "A". 
Crossed  nicols.  Mag.  100  X. 


Figure  10. 


Polished  section 
of  melt  of 
HCL  etch. 


central  nortion 
slag-  ”am  . 

Mag.  100  X. 


figure  11. 


Polished  section  of  bottom  portion 
of  melt  of  slag  "A”. 

HOI  etch.  Iiag.  100  X 


Figure  IS 

Thin  section  of  bottom  rortion 
of  Slag  "A" 

Grossed  nicols  Mag.  100  X. 


Figure  IS 

polished  section  of  Slag  M3” 
Hot  etched.  Mag.  100  X. 


Figure  14 

Polished  section  of  Slag  "B" 
HC1  etch.  Hag .  100  X 


Figure  15 


polished  section  of  slag  ”0” 
!Tot  etched.  Hag.  100  X. 
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Figure  16, 

Polished  section  of  slag  MDn 
Hot  etched.  Hag.  100  x. 


Figure  17, 

Polished  section  of  plag  "-w" 
HC1  etch.  Mag.  100  X. 


Figure  18 

Polished  section  of  slag  "LM  as  received 
lot  etched.  Mag.  100  X 


recfyst  alii  z  ed. . 
Mag.  100  X. 


polished  section  of  slag 
HOI  etch. 
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